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Abstract
Dynamic alterations in the actin cytoskeleton, under the regulation of the
Rho/ROCK pathway, permit cell motility, cell-to-cell and cell-to-matrix
adhesion, and have also been shown to participate in apoptosis and cell
proliferation. These facets of cellular behaviour all have the capacity to become
dysregulated in cancer; components of the Rho/ROCK pathway are known to play
varying roles in these processes, both within primary tumours and within the
tumour microenvironment.
The LIM kinases are phosphorylated and activated by ROCK, leading to
inactivation of cofilin and subsequent stabilisation of actin filaments. In
addition, LIM kinase 2 serves as a p53 target and is upregulated in response to
DNA damage. In some solid tumours (e.g. breast and prostate), LIM kinase levels
are elevated. However, we found that LIM kinase 2 expression is downregulated
in colon cancer, with a progressive reduction noted with advancing tumour
stage. I found that LIMK2 expression in colon cancer is under epigenetic
regulation, with hypermethylation of the promoters leading to transcriptional
silencing; this implicates LIMK2 as a tumour suppressor gene in this context. This
has potential translational implications as loss of LIMK2 could be utilised as a
biomarker to stratify patients in the future.
Elevated mechanical tension within the tumour microenvironment is known to be
an adverse prognostic indicator due to its association with desmoplasia. ROCK
activation has previously been shown to increase epidermal tissue stiffness and
thickness, but little was known about the mechanisms by which this occurs. I
found that ROCK activation leads to the deposition of extracellular matrix
components, with a presumed consequent further increase in stromal stiffness.
This indicates that a positive feedback cycle is established in the tumour
microenvironment, maintaining a fibrotic stromal reaction that permits tumour
progression.
These results highlight the disparate roles that the actin cytoskeleton and
constituents of the Rho/ROCK pathway play in tumour initiation and
propagation, indicating the need for further research.
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Preface
The process by which a normal cell embarks and continues on the journey
towards becoming a cancer is characterised by perturbations of many aspects of
normal cell behaviour

1

. This is reflected by the alterations seen in the

cytoskeleton as cancer cells become motile, invasive, change their morphology,
and respond differently to cues received from their microenvironment.
As we seek to understand the influences at play in tumour initiation and
development, the pivotal role of those pathways that directly and indirectly
influence the cytoskeleton and those that are in turn altered by cytoskeletal
changes are of paramount importance.
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1 Introduction
1.1 The actin cytoskeleton
Actin is one of the most abundant proteins observed in eukaryotes; it is found
both as a globular monomer (G-actin), and as a polymeric chain of G-actin
subunits (filamentous or F-actin) 2. The F-actin filament has structural polarity,
as all subunits are oriented in the same direction. The “pointed” (negative) end
possesses an actin subunit with an exposed ATP binding site, while the “barbed”
(positive) end displays a cleft directed at an adjacent G-actin monomer.
“Treadmilling”, or the cycle of actin polymerisation and depolymerisation, is an
ongoing process by which ADP exchange for ATP promotes the addition of Gactin monomers to the barbed end of F-actin filaments, and vice versa

3

(Figure

1-1). Following formation and elongation of an F-actin filament, its stability and
mechanical properties can be altered by accessory proteins (e.g. profilins) that
bind alongside the polymer, determining the state of polymerisation, and crosslinking and severing the actin filament 4. In addition, capping proteins can bind
to the end of the filament and regulate its assembly and disassembly

5

.

Furthermore, F-actin filaments, in co-operation with myosin II filaments and
integrins, form focal adhesion complexes, anchoring cells via the cytoskeleton to
the extracellular matrix and to neighbouring cells, thus permitting cell-cell/cellmatrix dialogue 6.

17

Figure 1-1 Actin treadmilling
Cofilin binds to and severs F-actin, increasing the “treadmilling” rate of actin filaments. Adapted
with permission from MBInfo: www.mechanobio.info; Mechanobiology Institute, National
University of Singapore.
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1.1.1 Regulation of the actin-myosin cytoskeleton
1.1.1.1 The Rho GTPase family and its activators
The Rho GTPase family is a group of molecules with pivotal functions in the
regulation of cytoskeletal organisation

7

. They are members of the Ras

superfamily of small GTPases, but alter from other small GTPases in that their
sequences possess a Rho insert domain within the GTPase domain. This insert is
proposed as an activator of downstream proteins 8. There are 22 mammalian
members of the Rho GTPase family; the most extensively studied members
comprise Rac1, RhoA and Cdc42, small guanine triphosphatases. Three Rho
isoforms exist: A, B and C. They transition between a GDP-bound state (inactive)
and GTP-bound state (active). Their protein sequences are approximately 85%
identical, with some divergence between members in the “insert loop”, a region
that enables NADPH oxidase binding to Rac 9. RhoA is necessary for disassembly
of cell adhesions during cell migration, while RhoB inhibits growth factor
receptor trafficking
and FMNL2

11

10

. RhoC remodels the cytoskeleton via activation of mDIA1

.

The regulators of Rho protein function fall into 3 main subgroups:
1. Guanine nucleotide exchange factors (GEFs). These function by catalysing
the release of GDP, thus facilitating GTP binding; a consequent alteration
in conformation of the switch region of the GTPase increases the binding
affinity of effector proteins, thus prompting downstream signalling 12.
2. GTPase-activating proteins (GAPs). These proteins improve the capacity
of small GTPases to hydrolyse GTP to GDP, thus promoting inactivation
and reversing effector binding, effectively terminating the signalling
pathway

13

.

3. Guanine nucleotide dissociation inhibitors (GDIs). These regulatory
proteins are located in the cytosol and, through complex formation with
GDP-bound GTPases, prevent cycling of GTPases between the cytosol and
the plasma membrane, thus inhibiting GEF-mediated activation of Rho
GTPases

14

. Rho GTPases are maintained as soluble cytosolic proteins by

insertion into the hydrophobic pocket of the GDI

15

. Upon their release,

19

Rho GTPases can insert into the lipid bilayer of the plasma membrane,
permitting association with effector targets at the cell membrane

16

.

There are additional regulatory mechanisms known to play a role in influencing
Rho GTPases, including micro RNAs, which regulate post-transcriptional
processing of Rho GTPase-encoding mRNAs

17

; palmitoylation (the covalent

attachment of fatty acids to the membrane-bound proteins, thus modulating
protein trafficking and protein-protein interactions)
phosphorylation

19

18

; post-translational

, and the similar process AMPylation (the transfer of AMP from

ATP to a threonine residue) 20, transglutamination

21

, and ubiquitination

22

.

1.1.1.2 Rac1 and Cdc42 pathways
Rac1 controls the formation of lamellipodia, the cytoskeletal actin projections
observed on the mobile edge of cells

23

, while Cdc42 primarily regulates the

formation of filopodia, the narrow cytoplasmic projections that extend beyond
the leading edge of lamellipodia in migrating cells

24

. Multiple proteins have

been identified as downstream binding partners of these Rho GTPases; several of
these are serine/threonine kinases with the capacity to trigger signalling
pathways by phosphorylating further target proteins. Downstream of Rac1 and
Cdc42 are the 6 mammalian-encoded p21-activated kinases (PAKs), of which only
PAKs 1–3 are able to bind Rac1

25

; PAKs 1–6 are all capable of binding Cdc42

26

.

PAKs in turn phosphorylate substrates that affect cytoskeletal dynamics (through
disassembly of stress fibres and focal adhesion complexes) including LIM kinases
27

and myosin light chain kinase

28

.

In addition to kinase effectors, non-kinase scaffold proteins exist to transfer
signals from Rho GTPases: e.g. N-WASP is activated by Cdc42 and consequently
binds proteins to bring about actin polymerisation and subsequent filopodia
formation 29.
1.1.1.3 RhoA-ROCK pathway
RhoA also binds a number of effector proteins; the best characterised of these
are the Rho-associated coiled-coil-containing protein kinases (ROCK1 and
ROCK2), serine/threonine kinases with multiple Rho-binding domains within the
coiled-coil region

30

. RhoA must be in an activated, GTP-bound state in order to

20

bind to ROCK; upon Rho-GTP binding, there is thought to be a conformational
change that induces kinase activity

31

. ROCK1 and 2 share the same overall

domain structure, with the kinase domain situated at the N-terminus, and a
coiled-coil region bearing a Rho-binding domain (RBD). A pleckstrin homology
domain with a cysteine-rich region exists at the C-terminus

32

. ROCKS are

capable of displaying an autoinhibitory conformation, with the C-terminal RBD
and pleckstrin homology domains binding to the kinase domain, thus preventing
kinase activity. When Rho-GTP binds to the RBD, a conformational change is
induced, freeing the kinase domain and permitting activity 33.
There is approximately 90% homology between the kinase domains of ROCK1 and
ROCK2; they are therefore observed to phosphorylate a largely shared proportion
of substrates

34

. These include regulatory myosin light chain, the contractile

force-generating subunit of the myosin macromolecule. Upon phosphorylation,
primarily at serine 19, the ATPase activity of myosin increases, resulting in
enhanced cell contractility and the formation of stress fibres
1-3).
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(Figure 1-2 and
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Figure 1-2 The Rho/ROCK signalling cascade
External signals from activated membrane receptors are translated by GEFs to activate RhoA/C.
In turn, ROCK 1 and 2 are activated, and phosphorylate the target proteins MLC, LIMK1/2, and
MYPT. Phosphorylation of MLC and, via LIMK, cofilin, results in actin fibre bundling and increased
contractility. Adapted from Rath and Olson 36.
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Figure 1-3 The Rho/ROCK signalling pathway showing additional substrates
MYPT1: myosin phosphatase 1; ERM: ezrin/radixin/moesin.
Adapted from Matsuoka and Yashiro 37.
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ROCK also acts by phosphorylating the myosin phosphatase targeting (MYPT)
proteins at sites Thr 696 and Thr 853. Phosphorylation of the first of these sites
reduces myosin light chain phosphatase (MLCP) activity (a negative regulator of
actomyosin contractility through dephosphorylation of MLC); phosphorylation of
the latter also decreases MLCP activity, and additionally induces dissociation of
MYPT1 from myosin

38,39

.

In addition, ROCK phosphorylates LIM kinases 1 and 2 on conserved threonine
residues (Thr 508 in LIMK1 and Thr 505 in LIMK2). LIM domains are conserved
features consisting of twin zinc finger-like motifs, which were first identified in
Lin11, Isl1 and Mec-3

40

. A consequence of LIM kinase (LIMK) phosphorylation is

the phosphorylation and inactivation of the cofilin group of proteins (cofilin 1,
cofilin 2, and actin depolymerising factor, ADF), leading to stabilisation of Factin filaments 41.
ROCK1 is widely expressed in human tissue, including the heart, pancreas, lung,
liver, skeletal muscle and kidney. It is not found in the brain
expressed ubiquitously, and is observed within the brain

43

42

. ROCK2 is

. ROCK1 knock-out

mice display failure of eyelid closure and omphalocoele phenotype (in which the
intestine protruded through an abdominal wall defect). Most animals die shortly
after birth

44

. ROCK2 knock-out mice have also been generated; there is 90%

embryonic lethality with this genotype, thought secondary to placental
dysfunction, and the surviving pup are runts, albeit with subsequent normal
development

45

.

1.1.2 ROCKS
1.1.2.1 ROCKs in physiological conditions
Contractility
Cell-matrix communication
The best-recognised function of ROCK 1 and 2 is to enhance myosin-actin binding
and thus contractility. This in turn promotes the assembly of stress fibres,
composed of multiple actin filaments cross-linked by α-actinin, and generally

24

anchored to focal adhesions, providing a point of contact between the
extracellular matrix and the actin cytoskeleton

46

. This communication permits

transmission of mechanical force via stress fibres to focal adhesion complexes,
resulting in alterations in the conformation of e.g. integrins, and consequent
signal transduction

47

. Furthermore, the ability of stress fibres to sense the

degree of mechanical tension in the milieu can directly regulate biomechanical
and signalling pathways in cells, determining cell differentiation and ultimate
cell fate

48

.

Cell motility
Skeletal muscle myosin forms part of the sarcomere, and has the capacity to
generate largely stable filaments

49

. The interaction of myosin and actin in

skeletal muscle is regulated by the calcium-sensitive tropomyosin-troponin
complex

50

. Smooth muscle and cytoplasmic myosin interact with actin through

different mechanisms due to the absence of troponin

51

; following stimulation,

intracellular calcium concentrations increase, and calcium binds to calmodulin,
thus activating myosin light chain kinase (MLCK) 52.
In the presence of unphosphorylated MLC, MLCK phosphorylates MLC in
association with the calcium-calmodulin complex, thus elevating myosin ATPase
activity. MLCK is also capable of binding directly to myosin without the
requirement for the calcium-calmodulin complex

53

. If myosin exists in a fully

phosphorylated state, MLCK becomes inhibitory indirectly through the actinbinding domain

54

. In the context of smooth muscle, MLC phosphorylation causes

monomeric myosin molecules in solution to assemble into thick filaments.
Inhibition of MLCK has been shown to prevent MLC phosphorylation and isometric
force generation withn muscle

55

.

The polymerisation of G-actin monomers into F-actin filaments drives cell
motility 4. A complex is formed from F-actin and myosin II filaments; the
complex utilises energy from the hydrolysis of ATP to facilitate cytoskeletal
contraction

56

. The force generated from actin-myosin contraction permits

alteration of cell morphology, enabling cell movement.
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Phosphorylation of myosin light chain (MLC) is a vital mechanism that regulates
cell contractility

57

. Following MLC phosphorylation, the myosin heavy chain is

released and forms filaments, permitting the interaction between the myosin
head and F-actin, and thus causing ATP-mediated movement of actin filaments.
As previously described, activation of the Rho-ROCK signalling pathway results in
phosphorylation of MLC and thus contributes to the regulation of cell motility

35

.

Apoptosis
Apoptosis is the process of programmed cell death that occurs in response to
extra- and intra-cellular stress. ROCK1, via caspase cleavage, is known to
regulate the actin-myosin contraction force that mediates membrane blebbing,
breakdown of the nucleus, and fragmentation of apoptotic cells

58

. When

apoptosis occurs due to flawed cell-ECM attachment, it is termed anoikis

59

. This

may arise due to loss of attachment, or when cells attempt to adhere to ECM
that does not express the correct integrins, and thus fails to support cell
survival60.
Cell-cell junction regulation
In addition to the regulation of cell contractility and cell-matrix adhesion, there
are multiple pathways in which ROCKs are implicated as key players. These
include the regulation of tight junctions, adhesive regions between neighbouring
epithelial or endothelial cells that serve a barrier function by preventing
molecules and ions passing between cells

61

. ROCK activation has been found to

increase the permeability of tight junctions in the context of endothelial cells,
whereas the inverse appears to be the case in epithelial cells

61,62

.

Adherens junctions tend to occur at a more basal level than tight junctions, and
are also subject to ROCK regulation. They are composed of cadherins, which
span the cell membrane and interact with α, β and ɣ catenins. It has been shown
that ROCK-induced cytoskeletal contraction disrupts and destabilises adherens
junctions, a step implicated in the process of epithelial-mesenchymal transition
63,64

.
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Cell proliferation
There is evidence to suggest that ROCK participates in the regulation of cell
proliferation; ROCK overexpression increases cell growth
inhibition leads to retarded cytokinesis

66

65

. In addition, ROCK

, induces disordered separation of

centrioles at the G1 phase of the cell cycle, and promotes early centrosome
67

migration during mitosis

. Furthermore, ROCK activation in the context of a

conditionally active ROCK-ER fusion protein system in fibroblasts prompts G1/S
cell cycle progression

68

.

Stem cell regulation
Dissociation of human embryonic stem cells leads to increased phosphorylation
of myosin light chain in a Rho/ROCK-dependent fashion, with subsequent
69

blebbing and apoptosis

. ROCK inhibition has been found to promote the

survival of human embryonic stem cells

70

. It is thought that this occurs as a

consequence of avoidance of anoikis via increased cell-cell interactions and
adhesion
72

71

. Furthermore, ROCK inhibition enhances proliferation of stem cells

.

1.1.2.2 ROCKs in cancer
Expression
Somatic mutations in both ROCK genes have been found in primary human
tumours and in cancer cell lines

73

. Mutations in the ROCK1 gene in breast cancer

and non-small cell lung cancer have been shown to result in an increase in kinase
activity as a consequence of loss of autoinhibition

73,74

. There are also mutations

present in the ROCK2 gene in primary gastric carcinomas, and in melanoma cell
lines 73, which are again thought to lead to increased kinase activity.
Elevated protein levels of ROCK have been documented in breast cancer, with a
positive association between high ROCK expression, increased tumour grade, and
poor survival outcomes

75

. Other cancer types that also demonstrate a positive

correlation between ROCK protein levels and reduced overall survival or a more
aggressive phenotype include osteosarcoma
bladder cancer

78

.

76

, hepatocellular cancer

77

, and
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Tumour microenvironment
In addition to aberrant ROCK expression observed within tumour cells, the
increased cytoskeletal contractility that occurs as a consequence of ROCK
activation

plays

an

important

role

in

regulation

of

the

tumour

microenvironment. It is recognised that in many cancer types, including breast
and pancreatic

80

79

cancers, a desmoplastic stroma is observed , and is noted to

have a positive correlation with adverse clinical outcomes

81,82

.

ROCK signalling is known to increase tissue density through elevated production
of collagen and other ECM components such as periostin and fibronectin

83,84

.

The consequences of this include activation of integrin-mediated signalling,
epidermal hyperproliferation, and increased levels of tumour initiation, growth
and progression in an animal model of ROCK activation

83

. A positive feedback

system appears to exist in that increased matrix density, and consequent
stiffness, leads to an elevation in ROCK activity; this is thought to be related to
the epigenetic silencing of Notch1

85

.

In addition, ROCK activation leads to increased levels of contractility within the
cellular compartment of the tumour microenvironment, permitting deformation
of the ECM, and creating “tracks” that facilitate cancer cell migration
appears to be triggered in part by pro-inflammatory cytokines

87

86

. This

; however,

evidence also suggests a positive feedback cycle exists between the ROCK and
JAK/STAT pathways that may explain the perpetual signalling that ultimately
permits invasion

87

. In the context of lung adenocarcinoma, Rho/ROCK function

is required to enable cancer-associated fibroblasts to invade a collagen matrix;
ROCK inhibition abrogated the capacity of CAFs to invade

88

.

1.1.2.3 ROCK inhibition
ROCK inhibition has been studied in the context of a number of malignancies.
The most widely utilised compounds include Fasudil (a moderate inhibitor, with
a Ki of 330 nM)

89

, Y27632 (a specific inhibitor of ROCK 1 and 2)

90

, and H-1152P

(a dimethylated analogue of Fasudil, and the most potent compound)

91

. All the

aforementioned compounds are competitive inhibitors of the ATP-binding site of
ROCK

92

. In a broad range of cancer types, ROCK inhibition has been shown to
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reduce cancer cell migration, proliferation and invasion, whilst simultaneously
inducing apoptosis (Table 1-1). This confirms the central role played by ROCK in
cancer progression, both through its function within tumour cells, and via
modulation of the tumour microenvironment.
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Tumour type

Experimental
model

ROCK inhibitor

Result

Acute myeloid
leukaemia 93

Primary human
cells

Fasudil

Increased apoptosis,
reduced viability

Triple negative breast
cancer 94

Human cell line

H-1152

Reduced migration and
invasion

Urothelial cancer 95

Human cell line

Fasudil

Reduced proliferation and
migration; induced
apoptosis

Small cell lung cancer

Human cell line

Fasudil

Reduced growth,
proliferation, adhesion,
migration and invasion;
increased apoptosis

Glioblastoma 97

Human cell line
& in vivo
(murine
xenograft)

Fasudil

Reduced proliferation,
migration, invasion;
increased apoptosis.
Reduced invasion and
growth in vivo

Prostate cancer 98

Conditioned
HUVECs

Fasudil

Reduced endothelial cell
proliferation and
migration

Adenocarcinoma
lung 88

Primary human
CAFs & human
cell line

Y27632

Reduced invasion

Hepatocellular
cancer 99

Human cell line

Y27632

Reduced migration and
invasion

Melanoma 100

Murine and
human cell lines
& in vivo

Y27632

Reduced invasion;
reduced tumour volume

96

Table 1-1 Result of ROCK inhibition in different tumour types
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1.1.3 LIM kinases
1.1.3.1 LIM kinase expression and regulation
There are two subtypes of the LIM kinase serine/threonine kinase protein family:
LIM kinase 1 (LIMK1), encoded on chromosome 7q11.23, and LIM kinase 2
(LIMK2), encoded on chromosome 22q12.2. As a result of alternative splicing,
there are two LIMK1 mRNAs, one encoding the full-length protein, the other
producing a truncated protein lacking the carboxyl-terminal kinase domain.
Alternative splicing also produces three LIMK2 isoforms: 1 (the largest protein),
2a and 2b. LIMK2a contains two LIM motifs, while LIMK2b contains 1.5 LIM
motifs. A LIMK2a specific exon (exon 2) and a LIMK2b specific exon (exon 2b) at
the 5’ region of the mouse Limk2 gene exist, implying that Limk2a and 2b are
transcribed from a single Limk2 gene by alternative usage of exons

101

(Figure 1-

4). No functional differences between the isoforms have been identified,
although there are indications that their expression may vary in different
tissues. Both LIMK1 and 2 are expressed widely in all tissues, with particularly
high expression of LIMK1 in the brain, kidney, stomach and testis 102,103.
Both LIMK1 and 2 are phosphorylated by the Rho effector Rho kinase (ROCK) on
conserved threonine residues (Thr-508 in LIMK1 and Thr-505 in LIMK2) leading to
activation. In addition, PAK and MRCKα have been reported to phosphorylate and
activate LIMK. Dephosphorylation and inactivation of LIMK1 is regulated by
phosphatases including slingshot 1. Par-3, a polarity protein, appears to play a
similar role in influencing the activity of LIMK2

40

.

The cofilin family, comprising cofilin 1, cofilin 2 and actin depolymerising factor
(ADF) plays a key role in actin filament dynamics in cells

104

. Cofilins sever

Filamentous-actin (F-actin) filaments to generate barbed ends that can serve as
de novo actin nucleation sites. In addition, cofilins have been shown to induce
protrusion and influence the direction of cell migration

105

. Cofilins are the most

extensively characterised substrates of the LIM kinases, which act by
phosphorylating cofilin on serine 3 and inactivating its F-actin severing activity.
In addition to its role in regulation of the actin cytoskeleton, LIMK 1 has also
been shown to play a role in modulating microtubule disassembly

106

.
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Figure 1-4 Schematic diagram of alternative exon usage near the 5’-terminal region of the
mouse Limk2 gene
Alternatively initiated Limk2a and Limk2b transcripts are indicated in the lower panels. Adapted
from Ikebe et al 101.
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1.1.3.2 LIM Kinases in Cancer
It has been proposed that the LIM kinases may play a role in cancer cell invasion
and metastasis; the balance between phosphorylated and non-phosphorylated
cofilin under the influence of LIMKs may prove to be a significant determinant of
metastatic potential.
Evidence suggests that LIMK 1 activity is important for cancer cell metastasis;
the level and activity of LIMK 1 are higher in invasive breast and prostate cancer
cell lines, leading to enhanced tumour angiogenesis and metastasis

107,108

. LIMK 1

activity was also shown to be necessary for invasiveness of breast cancer cell
lines

109

. In addition, work with pancreatic cancer cell lines has established a

role for both LIMK 1 and 2 in metastasis and tumour cell-induced angiogenesis
110

. It is proposed that the LIM kinases likely have non-overlapping functions in

the formation of metastasis, as a LIMK1/2 double knockdown is necessary to
completely block metastatic behaviour in vivo.
It has been shown that LIMK2 acts as a p53 target and is upregulated in response
to DNA damage

111

. This activation of LIMK2 is thought to have a pro-survival

function. However, it appears that the isoforms of LIMK2 (LIMK2a and LIMK2b)
behave differently in response to DNA damage. Certainly, there is differential
regulation of LIMK2a and LIMK2b in different human cancers with, for example,
marked reduction of LIMK2b and increase of LIMK2a in gastro-oesophageal
cancers. It has been proposed that LIMK2b promotes DNA damage-induced G2/M
cell cycle arrest, contributing to checkpoint regulation. Depletion of LIMK2b was
reported to impair G2/M arrest, while reduction of LIMK2a did not appear to
have this effect, again indicating their apparent functional differences

112

.
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1.2 Colorectal cancer
Colorectal cancer (CRC) is the 4th commonest type of cancer diagnosed in the
UK, and the 2nd commonest cause of cancer death (Office for National
Statistics). The lifetime risk of developing CRC is approximately 6% (Cancer
Research

UK,

http://www.cancerresearchuk.org/health-professional/cancer-

statistics/risk/lifetime-risk#heading-One, accessed February 2016). CRC survival
is dependent on the stage of disease at diagnosis; staging follows two
conventional systems: Duke’s (Table 1-1) and TNM (Table 1-2). In addition, a
number of factors are used to determine the prognostic outlook of an individual,
including the tumour grade (i.e. the degree of differentiation) and the presence
or absence of cancer cells within the vasculature around the tumour. In those
patients presenting with early stage disease, curative surgery is usually possible,
with consequent 5-year survival rates of 93.2% (NCIN 1996 – 2002). However, the
majority of patients present with more advanced disease, necessitating more
aggressive management strategies in the form of surgery, and adjuvant systemic
treatments such as chemotherapy and biological agents. Despite developments
in the treatment of CRC, survival rates progressively decline as the stage of
disease at diagnosis advances.

34

Depth of
invasion

Lymph node
metastases
present

Distant
metastases
present

% of cases

% 5-year
survival

Duke’s A

Into, but not
through,
bowel wall

No

No

8.7

93.2

Duke’s B

Penetrates
muscularis
propria

No

No

24.2

77.0

Duke’s C

Any

Yes

No

23.6

47.7

Duke’s D

Any

Yes or no

Yes

9.2

6.6

Unknown

-

-

-

34.3

35.4

Table 1-2 Duke’s staging of colon cancer
Disease stage is determined by the depth of invasion of the primary tumour and the presence or
absence of regional lymph node or distant metastatic deposits. The 5-year survival progressively
declines as the stage of disease at diagnosis increases. Data from the National Cancer
Intelligence Network 1996 – 2002.
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Stage

T

N

M

0

Tis

N0

M0

I

T1
T2

N0
N0

M0
M0

IIA
IIB
IIC

T3
T4a
T4b

N0
N0
N0

M0
M0
M0

IIIA
IIIB
IIIC

T1 – T2
T1
T3 – T4a
T2 – T3
T1 – T2
T4a
T3 – T4a
T4b

N1
N2a
N1
N2a
N2b
N2a
N2b
N1 – N2

M0
M0
M0
M0
M0
M0
M0
M0

IVA
IVB

Any T
Any T

Any N
Any N

M1a
M1b

Table 1-3 TNM staging of colon cancer
TNM staging assigns a group depending on the depth of primary tumour invasion (“T”), the
extent of lymph node involvement (“N”) and the degree of metastasis (“M”). Tis = carcinoma in
situ; T1 = tumour invades submucosa; T2 = tumour invades muscularis propria; T3 = tumour
invades through muscularis propria and into the pericolonic tissues; T4a = tumour penetrates to
the surface of the visceral peritoneum; T4b = tumour directly invades or is adherent to other
organs/structures. N0 = no regional lymph node metastases; N1 = metastasis in 1–3 regional
lymph nodes; N2a = metastasis in 4-6 regional lymph nodes; N2b = metastasis in 7 or more
regional lymph nodes. M0 = no distant metastasis; M1a = metastasis confirmed to one organ or
site; M1b = metastases in more than one organ or site. Adapted from the American Joint
Committee on Cancer colon cancer staging, 7th edition 2009.
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Colon cancers tend to arise from non-malignant adenomas, with subsequent
acquisition of a series of genetic mutations permitting tumour progression

113

(Figure 1-5). The alterations observed are dependent on the degree of
chromosomal and microsatellite instability inherent to the tumour. In
chromosomally unstable CRCs
for adenoma formation

115

114

, loss of APC appears to be the triggering event

. Subsequent mutations are acquired in KRAS

followed by loss of SMAD4 (due to chromosome 18 deletion)
TP53

118

117

116

,

, and mutations in

. In contrast, CRCs displaying microsatellite instability (MSI) are deficient

in the mismatch repair system (MMR), leading to an inability to maintain
genomic stability

119

. This primarily occurs through downregulation of MLH1

secondary to promoter hypermethylation

120

. In these tumours, adenoma

formation secondary to alterations in Wnt signalling

121

, followed by mutations in

BRAF (and, in a minority, KRAS) more commonly occurs

116

. Thereafter, positive
122

selection of cells with microsatellite mutations in MSH2, MSH6
receptor 2

123

, insulin-like growth factor receptor 2

124

, and BAX2

125

, TGFβ

enables a

TP53-independent mechanism of progression.
Parallel to these genetic alterations, it is increasingly recognised that epigenetic
changes play a key role in CRC carcinogenesis. There is a mounting body of
evidence to suggest that many more genes within the CRC genome are affected
by

epigenetic

aberrations

than

genetic

mutations,

with

consequent

transcriptional silencing of tumour suppressor genes and gain of function in
oncogenes

126

.

37

Figure 1-5 Sequence of events in the transition from adenoma to carcinoma
The observed clinicopathological alterations in CRC can be aligned with genetic events initiating
and promoting the disease. Differences exist between the pathways activated in tumours
exhibiting chromosomal instability and those in which microsatellite instability predominates,
but a degree of overlap also exists. Adapted from Walther et al 127.
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1.2.1 Aetiology of colorectal cancer
In the vast majority of CRC cases (over 90%), no single causative agent is
apparent. These cases are predominantly attributed to a diet high in red meat
and processed foods, and high levels of physical inactivity and obesity. The
remainder of CRCs are caused by inherited conditions or predisposing diseases
128

.

1.2.1.1 Hereditary non-polyposis colon cancer
Hereditary non-polyposis colon cancer (HNPCC or Lynch syndrome) is the most
frequently encountered cause of CRC in those cases deemed not due to the
“Western lifestyle”, and is thought to be responsible for 2-7% of CRC diagnoses
129

. Presentation with an HNPCC-related CRC occurs at an average age of 44

years, in contrast to an average age at diagnosis of 64 years in non-HNPCC CRC.
HNPCC is a genetic condition usually inherited in an autosomal dominant fashion,
although it can also arise de novo. Faulty DNA mismatch repair leading to
microsatellite instability is the hallmark of HNPCC; this can occur as a
consequence of mutations in a number of genes involved in the DNA MMR
pathway: MSH2, MLH1, MSH6, PMS2, PMS1, TGFβR2, and MLH3

130

. Affected

individuals are at increased risk of CRC, and other cancer types including
endometrial, urothelial, small bowel, gastric and glioblastoma

131

. The lifetime

risk of CRC in a patient with HNPCC is approximately 80%. In order to identify
patients at risk of HNPCC, the International Study Group on HNPCC developed
the Amsterdam Criteria II 132:
•

Three or more family members with HNPCC-related cancers, one of
whom is a first-degree relative of the other two

•

Two successive affected generations

•

One or more of the HNPCC-related cancers diagnosed at age less than 50
years

•

Familial adenosis polyposis (FAP) has been excluded

39

1.2.1.2 Familial Adenomatous Polyposis
Familial adenomatous polyposis (FAP) is an unusual inherited condition, with an
incidence of 1 in 10,000 to 1 in 15,000. It is characterised by the formation of
133

multiple adenomatous polyps in the large intestine

. There are 3 subtypes of

FAP:
•

“Classic” FAP, in which there is an inactivating mutation of the tumour
suppressor gene APC

134

, leading to the development of 100s – 1000s of

polyps, with a 93% risk of malignant conversion by the age of 50 years
•

Attenuated FAP, a less penetrant subtype

136

135

.

, usually with truncating

mutations in the 5’ region of the APC gene , manifested by fewer polyps
and a lower lifetime risk of cancer (70%) .
•

Autosomal recessive FAP, in which there are mutations in the MUTYH gene
encoding the base excision repair enzyme MYH glycosylase

137

. This

generally results in a milder phenotype than classic or attenuated FAP.
1.2.1.3 Colitis-related colorectal cancer
Inflammatory bowel disease (IBD) is a blanket term for 2 distinct conditions:
Crohn’s

disease

(in

gastrointestinal tract)

which
138

inflammation

can

affect

any

part

of

the

and ulcerative colitis (in which inflammation is limited

to the colon). Both are autoimmune diseases with a degree of genetic
predisposition

139

, characterised by disproportionate T-cell responses to some

types of commensal bacteria

140

, leading to inflammatory cell infiltration,

ulceration, oedema and fibrosis of the bowel wall. In patients with ulcerative
colitis, the incidence of CRC increases 8 – 10 years after the initial diagnosis ,
reaching 18% after 30 years

141

; furthermore, the severity of inflammation is

correlated with the risk of developing CRC

142

. While the majority of sporadic

CRCs appear to arise from adenomatous polyps, colitis-associated CRCs tend to
evolve from regions of epithelial dysplasia

143

. Affected patients are generally

younger than those with sporadic cancers, and a higher proportion of patients
present with 2 or more synchronous primary tumours

144

.
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A number of possible mechanisms of tumorigenesis specific to colitis-associated
CRC have been proposed, including (1) The overexpression of Toll-like receptor 4
(TLR4), which appears to increase EGFR-2 signalling

145

; (2) Oxidative stress in

inflamed tissue mediating DNA damage through reactive nitrogen species

146

; and

(3) Release of inflammatory cytokines and growth factors such as Interleukin-6
and interleukin-23, causing the induction of anti-apoptotic genes such as BCL-XL
147

.

CRC as a consequence of IBD is relatively uncommon, accounting for less than 1%
of all CRC diagnoses

128

.

1.2.2 Disordered signalling pathways in colorectal cancer
1.2.2.1 Genetic aberrations
Two differing types of genomic instability are regarded as mechanisms of CRC
tumorigenesis. Chromosomal instability (CIN) is found in approximately 70% of
CRCs, and constitutes the duplication or deletion of fragments of chromosomes
or entire chromosomes, resulting in heterogeneous chromosomal abnormalities
148

. Microsatellite instability (MSI) is observed in about 15% of CRCs and results

from DNA mismatch repair, leading to the accumulation of DNA sequence errors
149

. This generates novel “microsatellite” fragments. Tumours displaying

microsatellite instability have less propensity to metastasise, and can be
regarded as less sensitive to chemotherapeutic agents

150

. Microsatellite

instability is assessed through the analysis of five microsatellite markers,
permitting identification of “high MSI” (>30% MSI in standard markers), “low MSI”
(<30%)

and

microsatellite

stable

tumours

(demonstrating

absence

of

microsatellite alterations). High MSI tumours tend to be more proximal, poorly
differentiated, mucinous lesions, with marked lymphocyte infiltration

151

. A

systematic review of patients with MSI CRCs revealed that MSI high tumours are
associated with a significantly better prognosis when compared to microsatellite
stable (MSS) tumours

152

. A pooled survival analysis has found that patients with

MSS tumours are more likely to derive benefit from 5-fluorouracil-based
chemotherapy than those with MSI high tumours, although the mechanism
underlying this remains unclear

153

. The genetic alterations which are

41

encountered in CIN and MSI cancers, while sharing some common pathways, also
demonstrate a number of differences.
Further to the germline mutations in the APC gene that are responsible for the
majority of cases of FAP, most sporadic CRCs are also observed to harbour
somatic APC mutations. APC is a tumour suppressor gene, and its inactivation
through chromosomal instability is deemed to be the triggering event in most
CRCs

113

. Loss of APC function leads to the accumulation and nuclear-

localisation of β-catenin, resulting in constitutively active Wnt signalling

154

. This

in turn promotes cell signalling, proliferation and epithelial-mesenchymal
transition through downstream effectors including the TCF/LEF family of
transcription factors

155

. It has been shown that, via Wnt activation, loss of APC

in an animal model (Cre+Apcfl/fl) induced with napthoflavone resulted in
abnormal intestinal crypt morphology, changes in ECM proteins, and increased
proliferation and apoptosis

156

. When a Wnt stimulus is absent a destruction

complex, composed of tumour suppressors AXIN and APC, GSK-3 and CK1
(serine/threonine kinases), protein phosphatase 2A and the E3-ubiquitin ligase βTrCP, degrades β-catenin. The role that APC plays in this process appears
complex

157

. APC proteins bear multiple binding sites for β-catenin; it is thought

that APC may promote β-catenin phosphorylation by AXIN-bound kinases. It has
also been postulated that CK1 and GSK-3 may phosphorylate APC after
phosphorylating β-catenin, thus displacing β-catenin from AXIN and enabling
AXIN to interact with a new β-catenin molecule

158

. Furthermore, APC may

function in promoting β-catenin ubiquitination, thus tagging it for proteosomal
degradation

159

.

In contrast, in those tumours in which microsatellite instability is predominant,
the Wnt signalling pathway appears to be disordered through mutations of AXIN1
and AXIN2

160

.

KRAS mutations in colonic epithelium are not sufficient to initiate tumorigenesis;
however, occurring on a background of APC mutation, KRAS mutation results in a
clonal expansion that can develop into cancer. KRAS mutations are present in
approximately 30-50% of CRCs, and occur early in the sequence of transition
from adenoma to carcinoma

113

. The majority of mutations are in exon 2 codon

12, with the remainder predominantly located in exon 2 codon 13 and exon 3

42

codon 61; they lead to inhibition of the GTPase activity of RAS, thus preventing
hydrolysis of GTP on RAS via GTPase activating proteins (GAPs) and resulting in
the accumulation of RAS in the active GTP-bound form

161

. Constitutively active

KRAS activates the RAF/MAPK and PI3K/AKT pathways, driving cell proliferation
and survival. BRAF mutations are less frequently encountered than KRAS, and
are unlikely to co-exist with KRAS mutations

116

. However, mutations in BRAF are

more common in microsatellite unstable tumours

162

. The presence of mutations

in KRAS and/or BRAF is predictive of lack of response to EGFR-inhibitory agents
such as cetuximab and panitumumab, and confers a worse prognosis on patients
163

.

The most commonly detected cytogenetic abnormality in CRC is deletion of the
long arm of chromosome 18
164

113

. This is encountered in instances of CIN and MSI

. Loss of heterozygosity of 18q leads to loss of DCC (deleted in colorectal

cancer), which is located in region 18q21

165

. DCC functions as a receptor for

netrin-1 and, when bound to netrin-1, activates the CDC42-RAC and MAPK
pathways, promoting tumour development. However, when DCC and netrin-1 are
not associated, DCC is a tumour suppressor with a pro-apoptotic function

166

.

SMAD4 is also located on 18q, and is a participant in the TGFβ signalling pathway
167

. High levels of SMAD4 expression in colorectal tumours are associated with

significantly better survival outcomes

168

, while loss of SMAD4 has been found to

upregulate VEGF expression in CRC cell lines and is predictive of early CRC
recurrence

169

.

In tumours displaying CIN, an event which occurs relatively late in the
progression from adenoma to carcinoma is TP53 inactivation, either through loss
of heterozygosity of chromosome 17, or acquisition of loss of function mutations
118,170

. p53 inactivation is frequently linked with chromosomal instability,

although each can exist independently

171

. Loss of p53 function can lead to

aberrant cell growth; however, there is not a clear negative correlation between
low p53 expression and clinical outcome

172

. In contrast, tumours which display

MSI are more inclined to develop through p53-independent mechanisms, such as
mutations in bcl-2-associated X protein (BAX), a pro-apoptotic gene

125

, and

insulin-like growth factor 2 receptor (IGF2R), a participant in TGFβ signalling

124

.

43

Inactivation of the TGFβ signalling pathway is a key event during CRC
progression in a proportion of tumours
through loss of SMAD4
II receptor

123

174

173

; this is observed in CIN cancers

, and in MSI cancers through mutations in the TGFβ type

. However, the role of TGFβ in CRC is not clearly delineated, as

elevations in TGFβ both in the primary tumour and in the stromal compartment
are strongly correlated with risk of relapse

175-177

.

1.2.2.2 Epigenetic alterations
Epigenetic modifications are heritable changes in the genome, with no change in
the DNA sequence. Methylation is one such modification, and is the outcome of
the covalent addition of a methyl group to the cytosines within CpG
dinucleotides. CpG islands consist of clusters of CpG subunits, and are observed
in the promoter regulatory regions of many genes. Alterations in the methylation
status of CpG islands can lead to reduced gene transcription through effective
silencing of genes, including tumour suppressor genes

178

.

Approximately 30-40% of proximal colon cancers display a disproportionately
high frequency of CpG island methylation; this group has been labelled “CpG
island methylated phenotype” (CIMP) , and is found to have a strong association
with MSI and BRAF mutation

179

. CIMP-associated hypermethylation of the MMR

gene MLH1 appears to be the primary mechanism driving the development of
sporadic CRC with MSI

120

. Furthermore, cancer-specific CpG hypermethylation

has been shown to affect gene expression in colorectal tumours, with
consequent down-regulation of a number of genes that may function as tumour
suppressor genes

180

.

Global hypomethylation is also commonly encountered in CRC, potentially
resulting in the upregulation of previously silenced genes and loss of genomic
stability

181

.

1.2.2.3 Colorectal cancer cell of origin
The identification of cancer stem cells

182

indicates that a subset of progenitor

cells exists within the intestinal mucosal epithelium

183

, and transformation of

these cells (classically through the loss of APC) causes initiation of intestinal

44

adenomas

184

. CRC cancer stem cells are regulated through a number of

mechanisms, outlined below.
Wnt-mediated regulation of CRC cancer stem cells
The canonical Wnt pathway is perhaps the most clearly defined regulator of
colon cancer stem cells
revealed

that

Wnt

185

. Investigations using Wnt reporter expression have

signalling

correlates

inversely

with

expression

of

differentiation markers such as mucin 2 (MUC2) and cytokeratin 20 (CK20). In
those cells with the highest levels of Wnt, an increase in vitro clonogenicity was
detected; furthermore, these cells expressed the stem cell marker CD133.
Achaete scute-like 2 (ASCL2) is a Wnt target transcription factor

186

, and is

upregulated at an early point in colon tumorigenesis through activation of the
Wnt signalling pathway

187

. The function of ASCL2 in the context of CRC remains

somewhat undefined, but evidence suggests that loss of ASCL2 leads to reduced
cell proliferation and invasion, and loss of the stem cell phenotype, possibly
through miRNA-mediated mechanisms

188

.

Another marker of intestinal stem cells is Ephrin receptor B2 (EPHB2)

189

; EPHB2

is also a Wnt target gene, and again high expression levels of EPHB2 are found in
a subset of cells within colon tumours

190

; these cells display a high degree of

clonogenicity and tumour-initiating capacity, and low levels of differentiation
markers.
In addition, Lgr5 has been found to serve as a stem cell marker of the intestinal
epithelium. It is also a Wnt target gene, and is solely expressed in cycling crypt
base columnar cells

184

.

Notch-signalling in CRC cancer stem cells
Notch signalling has been observed to inhibit cell differentiation

191

; in addition,

interactions between the Notch and Wnt pathways have been documented

192

,

indicating that Notch also functions in CRC cancer stem cell regulation. Notch
knock-down in CRC cell lines results in increased levels of apoptosis and reduced
cell proliferation, while Notch over-expression promotes colony formation and
proliferation

193

.
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Bone morphogenic proteins
The bone morphogenic proteins (BMPs) belong to the TGFβ superfamily, and are
also thought to participate in cancer stem cell regulation. Expression of a
number of BMP components is elevated in the upper levels of colon crypts,
corresponding to the greatest degree of cellular differentiation

194

. Furthermore,

several BMP inhibitors, including Gremlin-1, are more highly expressed at the
crypt base, implying that BMP signalling exerts a degree of control over
intestinal differentiation. Exogenous BMP4 has been found to lead to
downregulation of Wnt, thus inducing differentiation in CRC cancer stem cells
195

; it has been proposed that the inverse may also be the case, with Wnt

activation inhibiting BMP activity in cancer stem cells

196

.

Tumour microenvironment
The microenvironment, comprising stromal cells and extracellular matrix, is also
believed to impact on the regulation of CRC cancer stem cells, in part through
creating a stem cell niche that maintains the stem cell compartment
also through production of signalling molecules

194

and cytokines

198

197

, and

.

A hypoxic environment is also likely to influence the degree of differentiation of
cancer stem cells, with CRC cell lines grown in < 5% O2 displaying greater
clonogenicity and reduced expression of transcription factors associated with
differentiation such as CDX1

199

. Additionally, hypoxia-inducible factor 1 (HIF1)

has been found to induce expression of multiple stem cell markers, including
OCT4, in CRC cells

200

.

Methylation-mediated regulation of CRC cancer stem cells
Many Wnt target and non-Wnt target genes are affected by aberrant CpG island
methylation

201

, possibly silencing genes with a role in differentiation and thus

maintaining the “stemness” of colorectal tumours. Furthermore, methylationprone loci are generally found to lack specific transcription factor sequences,
including specificity protein 1 (Sp1), yin yang 1 (YY1) and nuclear respiratory
factor 1 (NRF1), which are thought to be protective against methylation in
cancer

202

.

46

1.2.3 The actin cytoskeleton in colorectal cancer
The ability of cancer cells to migrate is recognised as the major determinant of
the development of metastatic disease. Dysregulation of components of the
actin cytoskeleton is a vital step in the development and progression of CRC; this
is mediated through a number of mechanisms.
Reductions in cell-cell adhesion and alterations in cytoskeletal organisation are
characteristics of the acquisition of a malignant phenotype. In physiological
conditions, the adherens junction is connected to the actin cytoskeleton,
maintaining cell polarity and tissue architecture. Epithelial cadherin (Ecadherin) is the primary functional component of adherens junctions of colonic
epithelial cells, and is bound to cytoskeletal actin by catenins (α, β, ɣ, and p
120). As previously described, in CRC β-catenin accumulates in the nucleus
following loss of APC function. As a consequence of this, the E-cadherin-catenin
complex is disassembled, leading to disruption of the normal cell adhesion
processes

155,203

. Loss of adhesion can act to promote tumour cell detachment

from the primary site, direct invasion of adjacent tissue, and dissemination to
distant sites. In several tumour types, including CRC, loss of membranous Ecadherin expression is observed to be associated with reduced levels of tumour
differentiation; furthermore, reduced expression correlates with increased risk
of metastasis

204

. The importance of E-cadherin loss in the development of

metastatic disease is highlighted by the finding that expression levels are higher
in primary tumours when compared with metastatic deposits, indicating that the
ability of tumour cells to disseminate relies upon loss of the adhesion complex
205

.

Loss of APC is a common feature in CRC tumorigenesis. In addition to the
alterations in Wnt signalling that occur as a consequence of this, APC also plays
a key role in regulation of the actin cytoskeleton, through binding to and
stabilising microtubules

206

. Furthermore, APC has been observed to localise to

the cortical actin cytoskeleton in confluent cultured cells

207

. Indirect effects on

the actin cytoskeleton can be mediated through APC interactions with IQGAP (a
scaffold protein that activates Cdc42), ARHGEF4 (a Rho GTPase), and mDia1 (a
Rho GTPase effector protein involved in stress fibre formation)

208-210

.

47

The integrins are a group of transmembrane receptors that serve to mediate
cell-cell and cell-extracellular matrix interactions

211

. Integrin-mediated signal

transduction occurs via intermediary proteins, including talin, vinculin
actinin

213

212

and α-

, which link integrins to actin cytoskeleton components. A

consequence of these interactions is activation of the focal adhesion-linked
protein tyrosine kinases Src and FAK, with subsequent alterations in the actin
cytoskeleton promoting cell migration

214

. An association has been observed

between increased integrin αv expression and malignant angiogenesis and
tumour progression in several cancer types

215

. In CRC, a link between increased

integrin αv expression and (i) advanced disease stage
hepatic metastases

217

216

, and (ii) the presence of

has been found. Furthermore, overexpression of integrin

αv as determined by IHC on patient samples is an independent predictor of
poorer survival outcomes

218

.

1.2.4 The Rho/ROCK pathway in colorectal cancer
In several cancer types, including breast cancer

75

, activation of the ROCK

pathway appears to promote tumour progression

219

. However, the impact of

dysregulation of the Rho/ROCK pathway in the context of CRC is less clearly
defined. There is increasing evidence to suggest that, contrary to the oncogenic
role of Rho/ROCK activation in other tumour types, loss of RhoA can accelerate
CRC progression
221

220

. This is thought to occur through a number of mechanisms

:
•

RhoA signalling is essential to maintain adherens junctions, both in
normal intestinal epithelium and in CRC cells

63,222

; inactivation of RhoA

in CRC cells results in reduced E-cadherin bound β-catenin, with
consequent increased Wnt pathway activation
•

RhoA inactivation leads to increased TCF4/β-catenin activity, also
promoting Wnt signalling and leading to upregulation of mitogenic
proteins such as c-MYC and cyclin D1

•

Loss of RhoA activity appears to prevent differentiation of CRC cells,
through mechanisms that are not yet clearly defined.

48

Furthermore, pharmacological inhibition of ROCK has been shown to facilitate
the culture of CRC organoids with cancer stem cell properties through induction
of CD44

220

.

Another component of the Rho/ROCK pathway, LIM kinase, is also frequently
found to be upregulated in certain cancer types, including breast
prostate

108

107,109

and

cancers, and is thought to promote tumour progression,

predominantly through the acquisition of a motile phenotype. LIMK inhibition is
found to reduce cell motility, and thus reduce the capacity of cancer cells to
invade and metastasise

223

.

LIMK is also known to function as a p53 target, upregulated by DNA damage
111,112

. Knockdown or inhibition of LIMK appears to increase the sensitivity of

cells to apoptosis following exposure to ionising radiation or chemotherapeutic
agents, suggesting that LIMK functions in a pro-survival manner. Thus it can be
determined that LIMK serves additional functions besides regulation of the actin
cytoskeleton, and that selective pressure may exist in the context of some
cancer types.
The pattern of LIMK2 expression was studied in CRC

224

, and it was discovered

that LIMK2 levels in a human CRC TMA progressively decreased with advancing
stage of disease. In addition, a correlation between LIMK2 level and overall
survival was discovered. The mechanism governing the relationship between
reduction in LIMK2 expression and CRC was examined further by using Drosophila
melanogaster, as the posterior midgut is representative of the mammalian
intestine. An RNA interference approach was used to reduce dLIMK expression,
and a consequent increase in stem cell proliferation was detected. This was
recapitulated in a murine Limk2 knockout model, with an increase in the number
of stem cells seen in Limk2 knockout intestinal crypt organoids relative to wild
type. The conclusion drawn from this work was that the presence of LIMK2 limits
the proliferation of intestinal stem cells, and thus a reduction in LIMK2 permits
their propagation.

49

1.3 Squamous cell skin cancer
Non-melanoma skin cancer is the commonest cancer diagnosis in the UK, making
up 20% of all diagnoses of malignancy. Basal cell carcinoma, originating from the
basal cells of the epidermis, represents 74% of non-melanoma skin cancers.
Cutaneous squamous skin cancer accounts for approximately 23% of nonmelanoma skin cancers. Squamous cell carcinoma (SCC) arises through the
malignant transformation of stratifying epithelium, the epithelial subtype
present in tissues that serve a barrier function against the environment (e.g. the
skin, cervix, and upper aero-digestive tract).

1.3.1 Pathogenesis of cutaneous squamous skin cancer
The most commonly encountered precursor lesion of cutaneous squamous skin
cancer is actinic keratosis, characterised by dysplasia, with keratinocytes
displaying

atypical,

hyper-pigmented,

pleomorphic

nuclei.

The

normal

differentiation process is partially disrupted, resulting in epidermal atypia

225

.

TP53 mutations are frequently observed in actinic keratosis, indicating that
dysplastic lesions have acquired triggering genetic mutations before developing
into cutaneous squamous cell cancers

226,227

. Following a route of stepwise

progression, actinic keratosis can develop into cutaneous squamous cell cancer
in situ, with a more complete disruption of differentiation. 40% of in situ lesions
have p53 mutations, again suggesting that this is an early event occurring before
the development of an invasive phenotype

228

. In the cutaneous context, loss of

p53 function is thought to occur due to UVB-induced inactivation

229

widely encountered in pre-malignant and malignant squamous lesions

226,230

Aberrant Ras activation has also been noted in cutaneous SCC (cSCC)

and is
.

231,232

and,

in its role as an activator of the Raf/Mek/Erk pathway, can promote cSCC
formation

233

formation

234

. However, Ras activation in isolation is insufficient to trigger cSCC
; simultaneous alterations in pathways including NFκB or activation

of CDK4 (a cell cycle progression mediator) are necessary

235,236

.

Notch signalling has also been found to participate in the development of cSCC
237

. Notch signalling decreases keratinocyte proliferation and enhances

differentiation via p21 (a cell cycle inhibitor), caspase 3 and PKC-δ (a regulator

50

of UVB-induced apoptosis) activation

238

relative to healthy epidermal controls

. NOTCH1 expression is reduced in cSCC
239

, possibly as a consequence of p53

downregulation. Furthermore, NOTCH1 mutations appear to be early events in
the carcinogenesis of cSCC and evidence indicates that NOTCH1 serves a tumour
suppressor function in the epidermis

240,241

. Interestingly, Notch activation

appears to suppress Rho/ROCK signalling, while loss of Notch signalling is
accompanied by an increase in Rho/ROCK activity in cSCC

239

.

1.3.2 Tumour microenvironment
The tumour microenvironment also plays a key role in the initiation and
progression of cSCC.
1.3.2.1 cSCC arising in scar tissue
Chronic wounds/scars have the capacity to undergo malignant transformation; of
cancers arising on a background of scar tissue, cSCC is the most common subtype
242

. The pathways involved in this process have not been fully elucidated, but it

has been suggested that increased cell proliferation secondary to chronic
inflammation, exposure of tissue to environmental toxins and carcinogens
through loss of barrier function, and impaired immunological responses as a
result of inadequate vascularisation of scar tissue may all play roles 242,243.
1.3.2.2 Inflammation
Tumour stroma in general has been shown to attract infiltrating immune cells
that produce interleukins, cytokines and growth factors that permit evasion of
the host immune responses

244

.

In a mouse model of cSCC, cancer associated fibroblasts mediated tumourpromoting inflammation through a gene expression signature that recruited
macrophages, and enhanced tumour growth and neoangiogenesis

245

.

1.3.2.3 Adhesion
Fluctuations are observed in the type and number of adhesion molecules
detected in different cancer contexts, as cells encounter altering environments
through the processes of invasion and metastasis.

51

A more aggressive subtype of cSCC, acantholytic SCC, displays lower levels of
intercellular adhesion proteins, such as E-cadherin and Syndecan-1, than those
observed in non-acantholytic SCCs

246

; this is thought to contribute to the more

invasive nature of this variant.
The dysregulated function of adhesion molecules may also impact on treatment
outcomes in SCC: following radiotherapy treatment to head and neck SCC,
intercellular adhesion molecule 2 (ICAM2) appears to activate PI3K/AKT
signalling, thus blocking apoptosis and enhancing survival

247

.

1.3.2.4 Stromal fibroblasts
Cancer-associated fibroblasts are able to remodel the microenvironment,
forming tracks that permit the collective invasion of SCC cells

86

. This appears to

be both force-mediated, through Rho-regulated actin cytoskeleton alterations in
CAFs, and protease-mediated, e.g. via matrix metalloproteinases

248

. The SCC

cells that follow the tracks created by the leading CAFs do so in a MRCK and
Cdc42-dependent fashion

86

.

1.3.2.5 The extracellular matrix
Extracellular matrix components
Laminins are a group of large extracellular glycoproteins that function in tissue
development, wound repair and tumorigenesis

249

role in epidermal adhesion in normal conditions

. Laminin 332 plays an integral
250

. However, laminin 332 has

been shown to be over-expressed in several types of SCC, including cutaneous,
oral, laryngeal, oesophageal and cervical cancers, and expression levels
correlate with increased invasiveness and adverse clinical outcome

251

. In SCC,

laminin 332 tends to localise at the interface between tumour and stroma

252

. In

the context of cSCC, laminin 332 appears to promote tumour progression through
an interaction with collage VII, which triggers phosphoinositol-3-kinase signalling
and thus cell proliferation

253

. Co-deposition of laminin 332 and other

extracellular matrix components, including TNC, has been documented
is thought to serve a supportive role permitting tumour cell invasion.

254

; this

52

Tension within the extracellular matrix
Mechanotransduction signalling within the tumour microenvironment has also
been shown to play a pivotal role in the progression of cSCC. A murine model of
cSCC, utilising a 2-stage chemical carcinogenesis protocol in FVB/N mice (one
application of the mutagen dimethylbenz[a]anthracene followed by multiple
applications of 12-O-tetradecanoylphorbol-13-acetate

255

) was used to induce

papillomas, with conversion to invasive tumours resembling human cSCC
observed in a subset of these lesions. Only a cohort of animals in which ROCK
activation within the epidermal keratinocytes was achieved (through the K14
ROCK:ER transgene system) demonstrated progression to invasive cSCC within 15
weeks, indicating the importance of cellular tension in cancer progression. The
changes observed in this model included an increase in nuclear and total βcatenin and an increase in collagen deposition within the extracellular matrix,
with a consequent elevation in the level of stiffness within the ECM

83

.

Subsequent studies have confirmed that levels of ROCK 1 and ROCK 2 activation
are increased in human cSCC relative to normal skin, and that integrin-mediated
FAK signalling appears to be driven by increased ECM density

84

.

1.4 Epigenetics
1.4.1 Mechanisms of protein level regulation
Earlier work in the lab had determined that LIMK2 expression was downregulated
at a protein level in CRC. There are a number of mechanisms by which protein
level regulation occurs:
1.4.1.1 Transcriptional regulation
Through binding enhancer elements, and the recruitment of co-factors and RNA
polymerase II, transcription factors can regulate gene expression

256-258

. Each

individual cell type expresses a specific set of transcription factors, and
therefore controls the selective transcription of a subset of genes by RNA
polymerase II, and consequently determines the gene expression programme of
the cell

259

. Mutations in transcription factors are known to contribute to

tumorigenesis, often as a result of overexpression of oncogenic transcription
factors such as c-MYC

260

. However, it has also been shown that long non-coding

53

RNAs can be misregulated, leading to silencing of tumour suppressor genes and
consequently promoting cancer progression

261

.

1.4.1.2 MicroRNAs
MicroRNAs (miRNAs) are short non-coding RNAs that are often present in reduced
262

levels in tumours
silencing

264

. This can occur secondary to genetic loss

263

, epigenetic

, or transcriptional repression via loss of tumour suppressor

transcription factors such as p53

265

. miRNAs regulate the protein synthesis of

messenger RNAs by deadenylation or translational repression

266

.

1.4.1.3 Protein degradation
Through ubiquitin labelling, proteins are tagged for degradation via proteolysis
267

. The tumour suppressor gene p53 can be targeted by Mdm2 for ubiquitination

and proteasomal degradation

268

, leading to loss of p53 expression. This

mechanism may also apply to destruction of the protein products of other
tumour suppressor genes.
The knowledge that a significant proportion of colorectal tumours are
characterised by a CpG island methylated phenotype indicated that epigenetic
silencing may be the mechanism by which LIMK2 expression is reduced in this
context, and therefore my work focused on epigenetic regulation.

1.4.2 Epigenetic regulation
Mutations, whether inherited through the germ line or arising in somatic cells,
can cause cancer

269

. This can occur through oncogenes, in which mutations lead

to enhanced cell proliferation, or via the loss of function of tumour suppressor
genes. However, it is increasingly evident that epigenetic factors are also at
play, with heritable alterations in gene expression that are not mediated by
changes in the gene’s nucleotide sequence
cancer cells

271-273

270

leading to silencing of genes in

.

The changes in gene expression that are mediated by epigenetic alterations are
a consequence of methylation of DNA in promoter regions, where transcription
takes place. DNA methylation involves the modification of post-replicative DNA,

54

with the addition of a methyl group to the cytosine ring to generate methyl
cytosine. S-adenosyl-methionine (SAM) is the methyl group donor, and the
reaction is catalysed by DNA methyltransferases (DNMTs) (Figure 1-6). In
mammals,

methyl

cytosine

modification

only

occurs

in

cytosines

that

immediately precede a guanosine in the nucleotide sequence. This is known as a
CpG dinucleotide; these are observed relatively infrequently in the genome, in
likelihood due to progressive CpG depletion through DNA methylation. Depletion
occurs as a consequence of the tendency for methylated cytosine to deaminate,
thus forming thymidine

274

.
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Figure 1-6 Conversion of cytosine to 5-methylcytosine
DNMT catalyses the donation of a methyl group from SAM to the 5-carbon position of cytosine.
Adapted from Gibney and Nolan 275.
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1.4.3 The physiological role of DNA methylation
1.4.3.1 Maintenance of non-coding DNA
Several studies have linked the state of DNA methylation to gene expression,
with a direct correlation observed between promoter region methylation and
transcriptional silencing

270-273

. Hypermethylated DNA replicates at a later time

point than unmethylated DNA

276

, ensuring the majority of the genome

undergoes delayed replication. Inactive chromatin is generated during late
replication, facilitating transcriptional silencing of non-coding sequences
Through

this

mechanism,

potentially

harmful

DNA

sequences

such

277

.

as

transposons, repeat elements, and inserted viral sequences are repressed 278.
1.4.3.2 CpG islands
While CpG dinucleotides are fairly scarce throughout the genome, they are seen
grouped within short DNA sequences, often in promoter regions

270

. These CpG

clusters are termed CpG islands, and are found in nearly 50% of genes in the
genome. The majority of CpG dinucleotides that exist out-with the confines of a
CpG island are methylated; however, the CpG dinucleotides within CpG islands
tend to be unmethylated, irrespective of whether the gene is undergoing
transcription

270

. There are physiological instances in which CpG islands within

gene promoter regions are heavily methylated, for example in association with
transcriptionally silent genes on the inactive X chromosome of females

270

.

1.4.4 DNA methylation in cancer
It has long been recognised that aberrant DNA methylation patterns are observed
in cancer cells (Figure 1-7).

57

Figure 1-7 Two mechanisms by which epigenetic mechanisms contribute to carcinogenesis
A) Methylation of a tumour suppressor gene prevents transcription factors (TF) binding to the
promoter region; the gene is therefore not expressed, and damaged cells proliferate and become
malignant. B) Demethylation of a proto-oncogene allows TFs to initiate transcription and genes
to express the protein product. Uncontrolled cell proliferation follows. Adapted from
Nelson, S. (2008) Comparative methylation hybridization. Nature Education 1(1):55 .
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1.4.4.1 Increased DNA methylation
Loss of function of tumour suppressor genes is an important factor in
tumorigenesis; this occurs through germ-line or somatic mutations

279

also

leading

be

caused

by

hypermethylation

transcriptional silencing

280

of

gene

promoters,

, but can
to

. The loss of gene function that results from

hypermethylation of the promoter and from mutations in the coding region has a
similar biological impact

273

. This is illustrated by the fact that microsatellite

instability in colon cancer can result from mutation or hypermethylation of MLH1
281

.

Patterns of DNA methylation have been assessed as diagnostic, prognostic and
predictive biomarkers in a number of cancer types, including prostate cancer

282

.

Furthermore, hypermethylation, and consequent tumour suppressor gene
silencing, has been found to be reversible through the use of demethylating
agents

283

, permitting re-expression of functional genes in cancer cell lines.

These agents include DNMT inhibitors such as 5-azacytidine, which has gained
approval for use in some haematological malignancies

284

. Thus, it is evident that

the identification of tumour suppressor genes that undergo methylationmediated silencing during tumorigenesis is important for developing future
clinical management strategies.
1.4.4.2 Reduced DNA methylation
Loss of DNA methylation is thought to play a role in tumorigenesis through a
decrease in transcriptional repression of normally silent regions of the genome,
potentially leading to expression of harmful elements and/or genes that would
usually be silent

285

. Furthermore, a reduction in methylation can also impact on

nuclear structures, e.g. pericentromeric regions of the chromosome, resulting in
instability and incongruous DNA replication

286

. The degree of hypomethylation

of DNA correlates with tumour progression and/or grade in some tumour types,
including epithelial ovarian cancer

287

; in addition, hypomethylation of

centromeric satellite DNA has been identified as a marker predictive of relapse
in ovarian cancer

288

.
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1.4.5 Determining methylation status
Most of the methods utilised to determine the methylation status of a DNA
sequence rely on the principle of bisulphite conversion: bisulphite treatment of
DNA converts cytosine residues to uracil, but does not alter 5-methylcytosine
residues

289

(Figure 1-8). DNA must be denatured prior to bisulphite modification,

as only methylcytosines on single strands are vulnerable to bisulphite treatment
290

. DNA degradation can occur during bisulphite treatment, but can be

minimised by maintaining an optimum bisulphite concentration, and thus
reducing the time required to complete the reaction

291

.
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Figure 1-8 Bisulphite conversion
Following treatment with bisulphite, cytosines undergo conversion to uracil. In contrast, 5methylcytosines are resistant to conversion and remain unaltered.
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1.4.5.1 Methylation-specific PCR
Methylation-specific (MSP) PCR is one common method used to assess
methylation status; it requires primer design that is customised to detect both
unmethylated and methylated sequences

292

. Methylation is determined by the

capacity of the specific primer pair (unmethylated or methylated) to achieve
amplification. It does not permit resolution at the nucleotide level, and is
therefore a non-quantitative measure.
1.4.5.2 Bisulphite sequencing
Bisulphite sequencing relies on PCR amplification of bisulphite treated DNA, with
primers that flank but do not involve the methylation site of interest

293

. This

permits amplification of both methylated and unmethylated sequences. The PCR
product is subsequently cloned into plasmid vectors, and the individual clones
are sequenced; this permits the generation of methylation maps of individual
DNA molecules (Figure 1-9). All unmethylated cytosines are displayed as
thymines in the sequence.
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Figure 1-9 Schematic illustrating the process of bisulphite sequencing.
Bisulphite conversion of gDNA results in conversion of unmethylated CpG dinucleotides to uracil.
Methylated CpG dinucleotides remain resistant to conversion. Following amplification, gDNA is
cloned and sequenced, and the CpG dinucleotides analysed to produce a map of methylation
status.
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1.5 Tissue mechanics
Solid tumours consist of a mass of cancer cells, host cells (including immune
cells), and blood and lymphatic vessels, embedded within an ECM

294

. As tumours

progress and grow, they become detectably stiffer than the surrounding tissue
due to an increase in the structural components of the tumour. This process
inevitably involves the generation of mechanical forces, both within the tumour,
and between the tumour and its microenvironment. The increase in rigidity
observed in tumours is due in part to:
•

Elevations in the elastic modulus as a consequence of changes in the cell
architecture

295

•

Stiffening of the ECM through pro-fibrotic mechanisms 296

•

Increases in interstitial tissue pressure as a result of alterations in the
tumour vasculature

297

.

As the tumour and its surroundings become stiffer, the capacity for tumour cell
survival, proliferation and progression is enhanced 298,299.

1.5.1 Non-malignant fibrosis
Alterations in mechanical force can directly affect the morphological features of
cells; these changes are mediated through the Rho GTPases, regulatory hubs
that determine the cytoskeletal response to changes in extracellular tension

300

.

An increase in external force is coupled with cytoskeletal Rho/ROCK activation,
a response that serves to increase cellular tension and returns the cell to a state
of tension balance with its environment

301

. Simultaneously, ECM components

are manufactured in response to alterations in mechanical force to ensure that
equilibrium
environments

is
302

maintained

between

the

internal

and

external

cellular

.

Fibrosis is initiated during physiological wound healing; however, when these
mechanisms

are

dysregulated,

pathological

fibrosis

occurs

303

.

This

is

characterised by the deposition of excessive amounts of ECM components,
including fibrillar collagen and hyaluronan. The myofibroblast is the cell type

64

primarily responsible for the synthesis and deposition of ECM components in this
setting. Myofibroblasts are essentially activated fibroblasts that express α
smooth muscle actin, permitting a contractile phenotype
stiffer than comparative healthy tissue

305

304

. Fibrotic tissue is

; the dermis is estimated to have a

Young’s elastic modulus of 1-5 kPa, while fibrosed dermis measures 20-100 kPa.
During the generation of a fibrotic scar, myofibroblast precursors are recruited,
attain contractile features and thus contribute to the development of fibrosis
304

. Mechanical stress generated by the stiff, fibrotic ECM accelerates the

expression of αSMA in fibroblasts

306

and promotes the survival of myofibroblasts

in granulation tissue, leading to the formation of hypertrophic scar tissue

307

.

Myofibroblast contraction can also bring about the release of active TGFβ from
its stored, latent form within the ECM

308

. This is thought to occur through

myofibroblast integrins mediating opening of the latent complex through stress
fibre contraction. TGFβ is the primary pro-fibrotic factor and its release
compounds the cycle of increasing ECM stiffness leading to myofibroblast
activation, in part through enabling myofibroblasts to resist apoptosis

309

.

1.5.2 Fibrosis of the tumour stroma
Several tumour types are known to arise on a background of pre-existing fibrosis,
such as hepatocellular cancer as a consequence of chronic hepatitis

310

, and lung

cancer occurring in the context of interstitial lung diseases such as idiopathic
pulmonary fibrosis

311

. Tumours arising within fibrotic lesions are thought to

develop through dysregulation of cell polarity, cell proliferation, and
myofibroblast-stimulated inflammation and neo-angiogenesis

312

.

In addition to fibrosis observed in the context of wound healing, scar formation,
and benign pathological processes, similar changes are observed in the fibrotic
stroma that surrounds some tumours. The same pathways that activate
fibroblasts, leading to deposition of ECM components and increased levels of
contractility are at play within the reactive tumour stroma. Furthermore,
myofibroblasts are present at the invading front of a number of different tumour
types, including lung

313

, liver

314

, breast

312

and gastric

315

cancers. In this

context, myofibroblasts are termed cancer associated fibroblasts (CAFs); they
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are thought to contribute to cancer progression through the secretion of proinvasive cytokines and proteases

316-319

.

1.5.3 Cancer associated fibroblasts
The primary difference between CAFs and myofibroblasts is the resistance to
apoptosis displayed by the former; as a result of this, CAFs tend to persist for
significantly longer, and their activation is irreversible

320

a number of cell types, including resident fibroblasts

321

mesenchymal stem cells

322

through the process of EMT

. They are derived from
, bone marrow-derived

, and epithelial cells, the latter conversion occurring
312

(Figure 1-10).
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Figure 1-10 Origins of CAFs within the tumour microenvironment
CAFs can develop through differentiation of dormant resident fibroblasts or pericytes via
mesenchymal mesenchymal transition (MMT). They can also arise from bone marrow
mesenchymal stem cells and from normal or malignant epithelial cells via EMT or from
endothelial cells via endothelial to mesenchymal transition (EndMT). Adapted from Cirri and
Chiarugi 320.
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1.5.3.1 The role of CAFs in tumour initiation
It has been shown that dermal fibroblasts isolated from patients with several
types of cancer, including breast, melanoma and colon, display an increased
proliferation rate in vitro, suggesting that changes in fibroblast phenotype may
play a role in cancer initiation

323

. Studies involving murine models of genetically

modified fibroblasts have also indicated that fibroblasts participate in the
initiation of tumours, with overexpression of growth factors such as TGFβ and
HGF within fibroblasts promoting malignant transformation of mammary
prostate epithelium

325

324

and

.

1.5.3.2 The role of CAFs in tumour progression
CAFs produce several growth factors, permitting direct stimulation of tumour
cell proliferation, and thus enabling tumour progression. For example, CAFs
isolated from lung tumours secrete hepatocyte growth factor (HGF), activating
c-MET signalling in cancer cells

326

. In addition to growth factors, stromal CAFs

produce cytokines, which promote immune cell infiltration and consequent
vascularisation and metastasis

327

, and MMPs, which can both degrade the

adjacent ECM, allowing tumour expansion, and activate growth factors through
cleavage

328,329

. CAFs also play a role in determining cancer cell motility, mainly

through the induction of EMT in cancer cells

330

. Growth factors produced by

cancer cells are also able to act on CAFs, leading to a pro-tumorigenic interplay
between the tumour and stroma

331

(Figure 1-11).
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Figure 1-11 Dialogue between CAFs and cancer cells
Tumour progression depends on the interplay between CAFs and cancer cells. Cancer cells
stimulate and maintain the activated fibroblast phenotype via growth factors (including TGFβ)
and cytokines. In turn, fibroblasts produce PDGF, VEGF, MMPs and cytokines, promoting ECM
remodelling, EMT, proliferation and angiogenesis, and thus tumour progression. Adapted from
Cirri and Chiarugi 320.
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The architecture of the tumour microenvironment is also subject to regulation
by CAFs, as the components of the ECM are produced by activated fibroblasts.
The density and constituents of the ECM impact on the stiffness of the
microenvironment, and consequently alter cell morphology, cell signalling and
cytoskeletal organisation

332

. Within the ECM around a tumour, fibrillar

collagens display enhanced maturation, with increased cross-linking, catalysed
by lysyl oxidase (LOX). LOX is expressed in fibroblasts during the initial phase of
breast tumorigenesis; the cross-linked collagen fibres that develop as a
consequence of this promote cancer cell migration and invasion. Treatment with
LOX inhibitors reduces collagen cross-links and thus inhibits tissue stiffening and
cancer progression

333

. In addition to the action of LOX on collagen, increased

ECM stiffness occurs through integrin signalling and discoidin domain receptor-1
activation, and consequently leads to enhanced growth factor-mediated cell
migration

334

.

In addition to collagen, CAFs also produce fibronectin, hyaluronan and tenascin
C (TNC). Fibronectin participates in numerous cellular interactions with the ECM,
mediating cell adhesion, migration and proliferation

335

; its presence in stroma is

positively correlated with metastatic potential and MMP production

336

.

Expression of hyaluronan by CAFs has been shown to enhance recruitment of
tumour-associated macrophages, thus promoting tumour progression

337

.

Myofibroblast-derived TNC has been shown to stimulate colon cancer cell
invasion through promotion of a migratory phenotype

338

.

Fibronectin and collagen bind to cells via integrins; however, hyaluronan
functions through binding to a range of cellular receptors, including CD44, and
the receptor for hyaluronan-mediated motility (RHAMM)

339

.

Increased stromal stiffness as a result of the accumulation of types I and III
collagens, with concurrent increased breakdown of collagen type IV, results in
the fibrotic condition termed desmoplasia

340

(Figure 1-12). Desmoplastic stroma

is associated with a poor clinical outcome in a number of cancer types, including
breast

341

and pancreatic

80,82

; in part, this is due to the pro-invasive components

of the ECM, and in part to the fact that fibrotic stroma impacts intra-tumoral
drug delivery, rendering pancreatic cancer in particular relatively chemoinsensitive

342

.
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Figure 1-12 The stages of stromal ECM remodelling
In normal conditions, stromal collagen fibrils are wavy. In the pre-invasive stage, collagen fibres
straighten and align around the tumour. In the invasive stage, collagen fibres are arranged
parallel to the tumour border. Adapted from Malik et al 343.
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1.5.4 Increased cellular tension
In addition to the increased stiffness observed within the microenvironment,
tumour cells themselves are frequently found to demonstrate higher levels of
tension through over-expression of Rho GTPases

344

activation appears to promote tumour cell invasion

. Furthermore, ROCK
345

. The increase in

cytoskeletal tension that is generated by Rho-ROCK activation induces F actin
assembly and promotes cell proliferation

346

. The forces generated by

cytoskeletal contraction also promote focal adhesion maturation

347

. The balance

of mechanical stress can shift, either through interactions with other cells

348

, or

due to distortion of the cell membrane as an adaptation to changes in force in
the environment

349

. As a consequence, rearrangement of the cytoskeleton,

proliferation and morphogenesis occur

350

.

1.6 Tenascins
Using an RNA microarray approach, I found that ROCK activation in primary cells
led to an increase in Tenascin C gene transcripts and protein level. It had
previously been shown in the group that ECM components such as collagen are
deposited in higher quantities in murine epidermis following ROCK activation

83

.I

hypothesised that TNC may be a constituent part of the dense, stiff ECM
observed following ROCK activation, and opted to investigate this further.
Tenascins are a family of oligomeric glycoproteins, located in the extracellular
matrix

351

; four members exist, denoted tenascin C, R, X and W. Of these,

tenascin C (TNC) is the most extensively studied. All subtypes of tenascin share
the same basic structure: amino-terminal heptad repeats, epidermal growth
factor (EGF)-like repeats, fibronectin type III domain repeats, and a carboxylterminal fibronectin-like globular domain. Individual subunits are able to
assemble into trimers or hexamers due to heptad repeats lying in a highly
conserved amino-terminal oligomerisation region. Each member of the family
displays a different number of EGF-like and fibronectin type III repeats. TNC is
the member of the family that I found to be upregulated in response to ROCK
activation, and thus has been the focus of this section of my research. .

72

1.6.1 TNC structure and expression
The human TNC gene is found on chromosome 9q33
encodes a protein 180-250 kDa in size

353

352

. The 8150bp transcript

. TNC is conventionally assembled into

hexamers, and indeed is also known as hexabrachion. The protein subunits of
TNC typically possess 14.5 EGF-like repeats, and 8 fibronectin type III repeats
(Figure 1-13). A significant number of splice variants exists, due to alternative
splicing of an additional 9 repeats that can be individually incorporated in the
TNC structure

354

including integrins

. Numerous TNC binding partners have been identified,
355

, annexin II

356

357

, heparin

, and fibronectin

358

. The

majority of binding sites are found in the fibronectin type III repeats or the
fibrinogen globe; however, the EGF-like repeats are also thought to behave as
ligands for EGF receptors (albeit with low affinity)

359

.

During embryogenesis, TNC is expressed at high levels in neural, vascular and
skeletal tissues

360

. In adults, low level expression persists only in tissues subject

to mechanical loading (e.g. tendinous tissue
upregulation occurs during wound healing

362,363

361

; however, significant TNC

, and in pathological conditions

involving tissue remodelling such as inflammation, tumorigenesis
hyperproliferative conditions (e.g. psoriasis

365

364

and

).

1.6.2 TNC in wound healing
Tissue injury prompts a well-recognised series of processes: inflammation, tissue
rebuilding, and tissue remodelling

366

(Figure 1-14).
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Figure 1-13 Structure of TNC
The assembly domain (AD) at the N-terminus mediates the oligomerisation of the protein, where
2 trimers form a hexamer. The fibronectin repeats are between the EGF-like repeats and the
carboxy terminal fibrinogen globe. In humans, 9 of the 17 fibronectin repeats are alternatively
spliced. Adapted from Lowy and Oskarsson 367.
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Figure 1-14 TNC in tissue repair
TNC interacts with disparate cell types during the different phases of wound healing. Adapted
from Midwood and Orend 363.
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1.6.2.1 Inflammation
Upon tissue injury, TNC expression is rapidly induced. It appears to modulate
inflammatory responses by stimulating the production of pro-inflammatory
cytokines including TNFα, IL-6 and IL-8

368

. Furthermore, during the acute

inflammatory phase, TNC co-localises with polymorphonuclear lymphocyte
infiltration in the dermis

369

. TNC also appears to directly regulate T cell

behaviour, with both anti-adhesive effects mediated by fibronectin binding
and pro-adhesive effects through support of lymphocyte rolling

371

370

. The differing

roles are likely to be both context- and splice variant-dependent

372

. TNC

expression is observed at sites of inflammation secondary to e.g. incisional
wounding

373

tuberculosis

but also in states of pathological inflammation such as pulmonary
374

and

autoimmune

myocarditis

375

,

suggesting

that

TNC

upregulation is an aspect of a non-specific inflammatory response.
1.6.2.2 Tissue rebuilding
Re-epithelialisation
Early wound closure is achieved by the proliferation and migration of
keratinocytes through the fibrin clot. Within 24 hours of wounding, TNC
expression is detected at the dermal/epidermal junction beneath the
proliferating and migrating keratinocytes
source of TNC in this context

376

362,373

. Keratinocytes are the primary

. Pathological skin conditions in which hyper-

proliferation of the epidermis is a feature, such as psoriasis
conditions

378

377

and bullous

also display high levels of TNC expression under the epidermis.

There is evidence to suggest that TNC may promote differentiation of epithelial
cells during wound healing: in one study, TNC was discovered to provide a signal
that drives differentiation via androgen receptor upregulation in the developing
prostate gland

379

. Furthermore, primary human epidermal keratinocytes display

a rounded morphology when cultured on TNC substrates (containing TNC purified
from the culture medium of glioblastoma cell lines), indicating that TNC may
play a pro-adhesion, pro-migration role during re-epithelialisation376.
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Fibroblast proliferation and migration
Following wounding of the dermis fibroblasts infiltrate into the fibrin and
fibronectin matrix-covered wound bed

380

. The presence of TNC within the

fibrin-fibronectin scaffold enhances fibroblast migration

381

; one region of

fibronectin type III-like repeats appears to be the critical domain of TNC in the
promotion of migration. In contrast, another region of these repeats inhibits
migration, indicating that differential proteolysis of TNC may dictate the
termination of the wound healing process versus the prolonged, unwarranted
fibroblast migration seen in pathological fibrosis.
The EGF-like domain of TNC also regulates fibroblast proliferation and migration;
the EGF-like repeats phosphorylate EGFR, thus activating the MAP kinase
pathway in the NR6 fibroblast cell line

359

.

ECM synthesis
In order to restore normal tissue architecture, new ECM must be deposited on
the wound bed

382

. TNC increases pro-collagen synthesis, promoting matrix

deposition. It is difficult to determine if this is mediated via pro-inflammatory
pathways leading to recruitment of collagen-synthesising cells or if TNC has
direct effects on ECM deposition. In Tnc-null mice, collagen production was
reduced in a model of immune-mediated hepatitis

383

; however, the model

involved intravenous injections of a pro-inflammatory compound (concanavalin
A). In this context, Tnc-null mice exhibit attenuated inflammatory responses,
potentially leading to a failure to recruit myofibroblasts and collagen-producing
cells.
Independent of its effects on inflammation, TNC does appear to impact growth
factor production and myofibroblast activity. In a model of glomerulonephritis
induced by snake venom

384

, the inflammatory infiltrate seen in WT and Tnc-null

mice was equivalent; however, the number of mesangial cells, which are
responsible for tissue regeneration, was significantly lower in the Tnc-null mice,
leading to irreversible, persistent kidney damage. In addition, platelet-derived
growth factor (PDGF) expression was reduced, and TGFβ1, collagen type VI, and
fibronectin induction were delayed in Tnc-null mice, while mesangial cells

77

isolated from these mice did not proliferate when stimulated with PDGF or
TGFβ, indicating that the response to these growth factors is affected by the
presence or absence of TNC.
The functional subunit of TNC in this context appears to be TNIIIA2, a
fibronectin-like repeat peptide that induces β1 integrin activation through
syndecan-4 binding

357

. Fibroblasts induced by TNC and the active peptide

TNIIIA2 display enhanced integrin αvβ1 activation, resulting in hyper-stimulation
of PDGF-dependent proliferation and attenuation of contact inhibition

385

.

There is also evidence that the addition of TNC to culture medium enhances
EGF-induced proliferation of murine 3T3 fibroblasts

386

. These data suggest that

TNC regulates the synthesis of ECM components through regulation of cell
migration and proliferation, and controlling the level of and cellular response to
growth factors.
ECM assembly
TNC is known to directly interact with several ECM components: it is observed to
co-localise with fibronectin fibrils and to areas of fibronectin accumulation

387

.

The assembly of a TNC matrix appears to depend on the existence of a
fibronectin template
389

388

. TNC can also bind to fibrillar collagen types I – VI and IX

, to periostin, forming a bridge between TNC and the ECM

proteoglycans including versican, aggrecan and neurocan

391

390

and to

. These data appear

to support the theory that TNC can function as a matrix template, facilitating
assembly of ECM components during the wound healing process.
Neo-angiogenesis
To enable new tissue to form and repair wounds, new blood vessel formation
must take place. A strong association between TNC expression and sites of
vascular remodelling during wound healing has been documented

362,373,392

.

Endothelial cells are activated during the process of new blood vessel
development, adopting a migratory phenotype

393

. TNC expression appears to be

increased preferentially in active endothelial cells as opposed to non-migratory
endothelial cells

394

. Furthermore, the addition of TNC promotes endothelial

78

cell migration and reduces endothelial cell focal adhesions

356

. These changes in

the interface between endothelial cells and the ECM are accompanied by
alterations in growth factors including vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF)

395

. TNC has been observed to regulate

the levels of and the manner in which cells respond to these growth factors;
absence of TNC leads to suppression of VEGF expression and a resultant
reduction in neovascularisation

396

. TNC also co-localises with endothelial

progenitor cells at sites of angiogenic induction

397

. Dual stimulation with bFGF

and TNC also enhances endothelial cell proliferation

356

. These data indicate that

TNC plays a crucial role in vascular remodelling during tissue repair.
Tissue remodelling
In the final stages of wound healing, closure is facilitated by myofibroblastmediated wound contraction

398

. Following contraction, myofibroblasts and

vascular cells undergo apoptosis, reducing the cellularity of the region and
permitting the transition from granulation tissue to scar
normal wound repair, TNC is no longer expressed

399

362,373,400

. Upon completion of

.

Keloid scars are the consequence of excessive deposition of fibrotic tissue rich in
fibrillar collagen

401

; they extend outwith the borders of the original wound and

are persistent, recurring after re-excision

402

. TNC expression is elevated in

keloid scars in vivo, and in fibroblasts isolated from keloid tissue, indicating that
a failure to down regulate TNC expression at the end of the wound healing
process may lead to inappropriate dermal fibrosis
thought of as wounds that do not heal

404

403

. Tumours have been

; the clear role of TNC in the wound

healing process has prompted further investigation into the part played by TNC
in tumorigenesis and cancer progression.

1.6.3 TNC in cancer
The tumour stroma consists of immune cells, fibroblasts, blood vessels, and
extracellular matrix components

405

; the interplay between the “reactive”

stroma and the tumour cells is increasingly recognised as an integral aspect of
tumorigenesis. TNC is highly expressed in the stroma of most types of solid
tumour

406

, and has been found to facilitate the acquisition of a pro-invasive

79

phenotype by cancer cells through a number of mechanisms (Figure 1-15). Its
expression is positively correlated with a poor clinical outcome in a number of
tumour types, including glioma, breast, colon and lung cancers.
The presence of several cytokines and growth factors in a tumour can induce
TNC expression; these include TNFα, IFNɣ, interleukins 1, 4, 6, 8 and 13
EGF, TGFβ
hypoxia

411

408

, and CTGF. Within the stromal compartment, NFκB

and mechanical tension

302,412,413

409

407

, and

, ROS

410

,

are also capable of inducing TNC.

Matrix metalloproteinases (MMPs) secreted by tumour and stromal cells can
cleave TNC from the ECM, thus freeing it to participate in pro-tumorigenic
signalling pathways

414,415

. Cleavage by MMP2 causes the release of a peptide

that contains FNIIIA, a pro-adhesive site that enhances PDGF-mediated
proliferation and resistance to anoikis

385

cancer, TNC fragmentation is observed
clinical outcomes

417

.

. In the context of non-small cell lung

416

and appears to be linked with poor
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Figure 1-15 TNC in cancer
TNC impacts on several cell types within the tumour and the tumour microenvironment. TNC
promotes cell proliferation, migration, invasion, angiogenesis and metastasis, and inhibits cell
adhesion. Adapted from Midwood and Orend 363.
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1.6.3.1 Cell proliferation
The addition of TNC to tumour cell culture has been found to enhance cell
proliferation

406,418

. Furthermore, glioblastoma and breast carcinoma cells

cultured on composite fibronectin/TNC substrates display a more proliferative
phenotype and reduced adhesion

418

. Increased proliferation has also been

observed in 3-dimensional reconstructions of mammary epithelial tissues in vitro
419

. In addition, proliferation of cells in 3-D melanoma spheres is significantly

attenuated by loss of TNC

420

. An association has also been noted between the

expression of TNC and the proliferation marker Ki67 in many solid tumours

421

.

TNC appears to function in the stem cell niche, supporting cell proliferation and
differentiation

422

. This is the case with neural stem cells

423

; studies illustrating

a link between increasing TNC expression and advancing grade of glioblastoma
indicate that TNC may also facilitate cancer stem cell proliferation
also detected in the haematopoietic stem cell niche

425

424

. TNC is

, where it may facilitate

stem cell recruitment, as evidenced by the attenuation in haematopoiesis seen
in TNC null mice

426

.

TNC has also been noted to increase the stability and nuclear accumulation of βcatenin in glioblastoma cells, with consequent induction of Wnt signalling and
enhanced proliferation

427

. Furthermore, the EGF-like repeats within TNC possess

a significant, albeit low, affinity to EGFR, enabling them to bind the receptor
and stimulate proliferation

359

.

1.6.3.2 Metastasis
Cell adhesion
Cell adhesion to ECM components causes engagement of integrins and syndecan4, in turn bringing about cell spreading. The initiation of integrin signalling leads
to the formation of focal adhesions, facilitating cell-cell and cell-ECM
interactions. The presence of TNC during cell adhesion impacts on how cells
interact with the ECM; this relationship depends on the cell type, and whether
entire TNC molecules or sub-fragments are available

428

. Syndecan-4 is a co-

receptor that initiates integrin signalling when cells bind to fibronectin
fibroblasts

430

and several tumour cell lines

418

429

; in

, TNC binds competitively to a

82

fibronectin type III repeat and prevents syndecan-4 activation. This is one
mechanism by which TNC inhibits cell adhesion to fibronectin substrates.
In addition, TNC appears to prevent the assembly of fibronectin matrices in cells
cultured on mixed, fibrin-based fibronectin/TNC substrates

431

. The absence of a

fibronectin matrix has been observed as a characteristic of some tumour types
432

. Fibronectin matrix construction requires integrin activation, and also relies

on cells adhering to fibronectin, which is inhibited by the action of TNC on
syndecan-4.
Epithelial-mesenchymal transition
Epithelial-mesenchymal transition (EMT) is a process in which cells display
reduced adhesion, increased cell motility, and loss of E-cadherin expression.
TNC may play a role in EMT, as breast cancer cells undergoing TGFβ-mediated
EMT produce TNC

433

. Studies in colon cancer found that TNC derived from

cancer cells was associated with the expression of genes comprising the EMT
signature

434

. Furthermore, adding TNC to the culture medium of breast cancer

cells induced EMT-like change

435

.

Cell migration
Cells adhere to a TNC matrix in a fashion labelled “intermediate”, i.e. the links
between the cell and the ECM are not strong to the point of preventing
detachment, but are sufficiently strong to permit the generation of contractile
forces

436,437

. This facilitates cell motility and invasion in a number of malignant

cell types, including colon cancer
glioma

440

tumours

338

, ovarian cancer

438

, laryngeal cancer

439

and

. TNC expression tends to be highest at the invasive front of solid

364

; an association between the presence of TNC at the invading front

and poor clinical outcome is observed in a number of cancer types, including,
prostate

441

, mesothelioma

442

, melanoma

443

, and cholangiocarcinoma

444

.

A significant increase in the capacity of breast cancer cells to migrate has been
observed following the over-expression of TNC splice variants, through both
MMP-dependent and MMP-independent means

445

.
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Dissemination
As cancer cells become non-adherent and develop migratory characteristics,
they gain the ability to invade local structures and metastasise to distant
locations. Cancer cells with the capacity to produce factors that support survival
under stress have a distinct advantage over those cells that require factors
produced by the metastatic “soil”. Breast cancer cells that express TNC
demonstrate increased survival during the initial phases of colonisation, prior to
the activation of stromal fibroblasts
established,

the

446

microenvironment

. As the micrometastatic deposit becomes
becomes

reactive,

and

subsequently

produces TNC that contributes to maintaining the viability of the cancer cells
446,447

. Thereafter, upon settling within the metastatic niche, TNC engages the

Wnt and Notch pathways

448

, with a consequent impact on stem/progenitor cell

signalling.
TNC is consistently present in gene expression profiles predictive of metastatic
disease in breast cancer

449,450

; in addition, TNC expression levels are higher in

cases of recurrent non-small cell lung cancer compared with the primary tumour
451

, and high expression is linked to the development of early metastatic disease

in laryngeal and hypopharyngeal cancers

452

.

1.6.3.3 Promotion of angiogenesis
In physiological conditions in adult vasculature, TNC expression is minimal;
however, it is induced when blood vessels sustain damage, and is also evident
during pathological angiogenesis in a number of conditions, including diabetes,
inflammatory bowel disease and cancer

453

. In a Tnc knock-out mouse model,

tumours formed following the injection of melanoma cells displayed a significant
decrease in angiogenesis, indicating that TNC is necessary for the development
of new vasculature

454

. It has been proposed that TNC may encourage a sprouting

phenotype in endothelial cells in culture

394

; furthermore, TNC reduces focal

adhesions and thus promotes endothelial cell migration

356

. VEGF levels, among

other factors known to drive angiogenesis, are noted to be secreted at lower
levels when stromal-derived TNC is absent
remains unclear.

454

, but the mechanism behind this
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1.6.4 Impact of tissue mechanics on TNC
A role for mechanical stress in the regulation of TNC is suggested by tissues
subject to high mechanical loads (e.g. tendons) displaying high levels of TNC
387,455

. Furthermore, upregulation of TNC expression is induced by tensile strain

410,456-458

an

. These findings are particularly of interest in the context of cancer, as

association

has

been

noted

between

microenvironment and tumour progression

332,333

the

rigidity

of

the

tumour

. This raises the possibility that

increased mechanical tension in the tumour stroma may prompt the production
of TNC, both within the ECM and in cancer cells, thus driving cancer progression
through the mechanisms previously outlined.

1.6.5 Megakaryoblastic leukaemia 1
Mechanical strain has been shown to induce TNC expression458; this appears to
occur in an MKL1-dependent manner. MKL1 (megakaryoblastic leukaemia 1)
belongs to the myocardin-related transcription factor (MRTF) family, a group of
transcription factors that function as co-activators of serum response factor
(SRF). MKL1 (also known as MRTFA) is one of the most potent SRF inducers

459

.

SRF relays cytoskeletal signals to the nucleus and is in turn influenced by
alterations in actin dynamics

460

. However, it has been shown that MKL1 can

mediate TNC transcription secondary to increased mechanical stress in an SRFindependent manner

461

. Furthermore, there is evidence that MKL1 switches

between SRF-dependent and SRF-independent gene regulation, with those genes
being induced in a non-SRF manner showing correlation with more aggressive
breast cancer subtypes

450

. The implication is thus that mechanical strain, MKL1,

TNC and aggressive malignant phenotypes are inter-linked.
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1.7 Project aims
Colorectal cancer is a complex, multi-stage process with, in the majority of
cases, a gradual transition from benign adenoma to malignant tumour.
Determining that loss of LIMK2 occurs as tumours become more invasive was an
important first step in assessing the potential role of LIMK2 as a tumour
suppressor gene. This led to the first aim of my project:
1. To characterise the mechanism by which LIMK2 expression is reduced in
colorectal cancer.
Hypothesis: LIMK2 downregulation occurs via epigenetic silencing and is
associated with worse clinical outcomes.
Subsequently, I wished to investigate the impact of altering the mechanical
tension of the microenvironment through modulation of the actin cytoskeleton.
This generated the second aim:
2. To determine the consequence of ROCK activation on the composition of
the extracellular matrix of the epidermis and to investigate if similar
effects could be recapitulated through altering the cellular environment.
Hypothesis: ROCK activation leads to deposition of ECM components in
addition to collagen, and that increased tension within the cellular
environment would replicate/enhance the effects seen following ROCK
activation.
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2 Materials and methods
2.1 Materials
2.1.1 Reagents and chemicals
Reagent/Chemical

Supplier

4-Hydroxytamoxifen

Sigma

5-Azacytidine

Sigma

Ampicillin sodium salt

Sigma

Agarose

Melford

β-mercaptoethanol

Invitrogen

Bicinchoninic acid solution

Sigma

Bovine pituitary extract

Lonza

Bovine serum albumin

Sigma

Calcium chloride

Lonza

Copper (II) sulphate solution

Sigma

Dimethylformamide

Sigma

Dispase II

Roche

DMEM (Dulbecco's Modified Eagle Medium)

Gibco

DMSO (dimethyl sulfoxide)

Sigma

dNTPs

Zymo Research

Donor calf serum

Gibco

E.coli DH5α cells

Invitrogen

Eco R1

Invitrogen

Epidermal growth factor

Lonza

Epinephrine

Lonza

Ethidium bromide

Sigma

Fetal bovine serum

Gibco

Fibronectin from bovine plasma

Sigma

G1000A

Lonza

G418

Formedium

Ham's F12 nutrient mixture

Gibco

Hepes Free Acid

Sigma

Hydrochloric acid

Fisher Scientific

Hydrocortisone

Lonza
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Hyperladder I

Bioline

Hyperladder IV

Bioline

Insulin

Lonza

Kanamycin sulphate

Sigma

Keratinocyte Growth Medium 2

Lonza

L-glutamine (200mM)

Gibco

NuPAGE 4-12% Bis-Tris gels

Invitrogen

NuPAGE MES SDS running buffer

Invitrogen

NuPAGE MOPS SDS running buffer

Invitrogen

NuPAGE Transfer buffer

Invitrogen

Page ruler Pre-stained Protein Ladder
Paraformaldehyde 16% aqueous solution

Thermoscientific
Electron Microscopy
Sciences

Penicillin/Streptomycin

Life Technologies

TM

Precision Plus Protein

all blue standards

Bio-Rad

PureCol

Advanced BioMatrix

React 3

Invitrogen

RG108

Tocris

RNase A

Qiagen

RNase free DNase set
S.O.C. medium (Super Optimal broth with
Catabolite repression)

Qiagen

Sodium hydroxide

Fisher Scientific

Transferrin

Lonza

Transforming growth factor β (recombinant)

Peprotech

Trypsin EDTA (0.05%)

Gibco

Trypsin EDTA (2.5%)

Gibco

Vectashield mounting medium with DAPI

Vector Laboratories

ZymoTaq polymerase

Zymo Research

Table 2-1 List of reagents and chemicals

Invitrogen
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2.1.2 Kits
Kit

Supplier

DyNamo Hot Start SYBR Green q PCR kit

Thermoscientific

EZ DNA Methylation Gold Kit

Zymo Research

Luciferase Assay System with Reporter Lysis Buffer

Promega

QiaQuick Gel Extraction Kit

Qiagen

QiaQuick PCR Purification Kit

Qiagen

QiAmp Mini Kit

Qiagen

Quantitect Reverse Transcription Kit

Qiagen

RNeasy Mini Kit
TOPO TA Cloning Kit (pCR 2.1 TOPO vector with one
shot top 10 chemically competent e.coli)

Qiagen

Quantikine ELISA TGFβ1

R&D Systems

SEAP Reporter Gene Assay, Chemiluminescent

Roche

pMet Luc Ready to Glow Luciferase Reporter Assay

Clontech

NE-PER Nuclear and Cytoplasmic Extraction Reagents

Thermoscientific

Invitrogen

Table 2-2 List of kits

2.1.3 Solutions
Solution
Agar plates
DNA loading
buffer
L-broth
PBS
SDS sample
buffer
TBS
TBST

Recipe
85 mM NaCl, 1% (w/v) bacto trypton, 0.5% (w/v) yeast
extract, 1.5% (w/v) agarose, antibiotic (100µg/ml
ampicillin or 50µg/ml kanamycin)
20 mM EDTA, 0.05% (w/v) bromophenol blue, 50% (v/v)
glycerol
85 mM NaCl, 1% (w/v) bacto trypton, 0.5% (w/v) yeast
extract
170 mM NaCl, 3.3mM KCl, 1.8mM Na2HPO4, 10.6mM
H2PO4
125 mM Tris-HCl pH 6.8, 6% (w/v) SDS, 30% glycerol,
20 mM Tris-HCl pH 7.5, 136 mM NaCl
21 mM Tris-HCl pH 7.5, 136 mM NaCl, 0.1% Tween 20

Table 2-3 List of solutions
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2.1.4 Antibodies
Antigen

Species Supplier

Catalogue no.

Alpha smooth muscle actin

Mouse

Abcam

AB7817

Alpha-tubulin

Mouse

Santa Cruz

SC5286

ER alpha

Rabbit

SC543

ERK2

Rabbit

Santa Cruz
Cell
signalling

GAPDH

Mouse

Sigma

G9295

Lamin A/C

Goat

Santa Cruz

SC6215

Lamin B

Goat

Santa Cruz

SC6217

LIMK2

Rabbit

Santa Cruz

SC5577

MKL1 (MRTF-A)

Mouse

SC39867S

Myosin light chain 2
Phospho myosin light chain (Thr
18/Ser 19)

Rabbit
Rabbit

Santa Cruz
Cell
signalling
Cell
signalling

ROCK I/2

Rabbit

Millipore

07-1458

Tenascin C

Mouse

Sigma

T3413

9108S

3672
3674S

Table 2-4 List of primary antibodies

Catalogue
number

Antibody

Supplier

Alexa Fluor 680 goat anti-rabbit IgG

Invitrogen

A21076

Alexa Fluor 680 goat anti-mouse IgG Invitrogen

A21057

DyLight 800 goat anti-rabbit IgG

Thermo Scientific

35571

DyLight 800 goat anti-mouse IgG

Thermo Scientific

35521

Donkey 800 anti-goat IgG

Rockland

Table 2-5 List of secondary antibodies
All secondary antibodies were used at a concentration of 1:10000.

605-732-125
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2.2 Cell culture techniques
2.2.1 Origin, maintenance and storage of cell lines
HCT116 and SW48 are adherent epithelial cell lines originally isolated from
human colon adenocarcinomas. Both were grown in DMEM medium supplemented
with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. Cells were maintained
at 37 °C, 5% CO2 in a humidified incubator and passaged every 3-4 days as
follows: culture medium was removed; cells were washed once with PBS, and
incubated in 0.05% trypsin for approximately 5 minutes. Cells were resuspended
in culture medium, counted using a Casy® Innovatis cell counter, and an
appropriate number of cells transferred to a new tissue culture dish with fresh
medium.
Human cell lines were authenticated by the Beatson Institute Molecular
Technology Service using the Promega GenePrint 10 system.
NIH 3T3 is an adherent mouse embryo fibroblast cell line. Cells were grown in
DMEM medium supplemented with 10% donor calf serum. Cells were maintained
and passaged as above, with the substitution of 0.25% trypsin. In addition to the
parental cell line, NIH 3T3 cells stably expressing a conditionally active form of
ROCK II (ROCK:ER, under the control of 4-hydroxytamoxifen), and a kinase dead
(KD:ER) variant were also utilised. These had previously been generated in the
laboratory, and were maintained in identical conditions to the parental cells.
For long-term storage, all cell lines were frozen in liquid nitrogen vapour phase
tanks. To prepare cells for freezing, healthy cells were harvested by
trypsinisation as described above. They were then centrifuged at 1,200 rpm in
an Eppendorf 5804R centrifuge for 5 minutes, and the cell pellet resuspended in
DMEM medium supplemented with 10% FBS and 10% DMSO. 1 ml aliquots were
transferred to cryogenic vials, and these were stored at -80 °C for 24 hours prior
to placement in the liquid nitrogen tank.
To thaw cells, cryogenic vials were transferred from the liquid nitrogen tank to a
37 °C water bath; the contents were transferred to a new culture dish with fresh
medium.
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2.2.2 Treatment of cell lines with DNMT inhibitors
5-Azacytidine (5-AZA) was prepared by dissolving 1.2 mg in 10 ml of DMEM to
create a 500 µM stock solution. RG108 was prepared by dissolving 10 mg in 2990
ml of DMSO to give a 1 mM stock solution. 24 hours after plating, culture medium
was aspirated from HCT116 and SW48 cells and replaced with medium containing
5-AZA (final concentration 10 µM), RG108 (final concentration 100 µM) or DMSO
control (1%). Cells were cultured in treated medium for 48 hours before
proceeding with RNA or protein lysate preparation.

2.2.3 Culture of cell lines on differing substrates
ExCellness® biomimetic culture surfaces were utilised to determine the impact
of differing culture substrate stiffness on cells. Prior to use, the surface was
washed with isopropanol, and subsequently coated with fibronectin (1 mg/ml)
diluted in serum-free medium to a stock concentration of 2 µg of protein in 200
µl of medium. The coated plate was incubated at 37 °C for 16 hours, after
which time the coating was aspirated from the plate prior to seeding cells.

2.2.4 Plasmid preparation
SRE-SEAP and pMET LUC DNA constructs were a gift of Professor ChiquetEhrismann (Friedrich Miescher Institute for Biomedical Research, Basel). 30 ng of
DNA was added to a 50 µl aliquot of E.coli DH5α competent cells, and incubated
on ice for 30 minutes. Following a 45 second heat-shock in a 42 °C water bath,
the sample was incubated on ice for 2 minutes. 150 µl of SOC medium was
added, and the sample was incubated in a polypropylene round-bottomed snapcap tube in a 37 °C shaking incubator for 1 hour.
The transformation mixture was subsequently spread on an agar plate containing
the appropriate antibiotic for selection, and incubated for 16 hours at 37 °C.
Subsequently, 250 ml cultures of bacteria transformed with plasmid were grown
at 37 °C in a shaking incubator for at least 16 hours. The culture was transferred
to a 250 ml centrifuge tube, and centrifuged at 4000 rpm for 20 minutes at 4 °C
in a Beckman-Coulter J6-M1 centrifuge. After removal of supernatant, DNA was
isolated from the resulting pellet using the Invitrogen Purelink HiPure Plasmid
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Filter Purification Kit following the manufacturer’s instructions. DNA isolation
was performed by the Beatson Molecular Technology Services.

2.2.5 Transfection of plasmid DNA
For promoter-reporter studies, NIH 3T3 ROCK:ER and KD:ER cells were
transiently transfected with SRE-SEAP and pMET LUC plasmids as follows. Cells
were seeded 24 hours prior to transfection at 4 x 104 cells per well in 24-well
plates with complete DMEM. Lipofectamine 2000 transfection reagent, plasmid
DNA and Optimem I Reduced Serum Medium (Optimem) were equilibrated to
room temperature before commencing. SRE-SEAP plasmid DNA (5 µg) and pMET
LUC plasmid DNA were diluted in 250 µl of Optimem, and 3 µl of Lipofectamine
2000 was diluted in 50 µl of Optimem. 50 µl of diluted DNA was added to the
diluted Lipofectamine 2000 and the mixture was incubated for 5 minutes at
room temperature to permit transfection reagent/DNA complexes to form. 50 µl
of the resulting mixture was added to the 500 µl of complete DMEM in each well,
and the plate was incubated at 37 °C for 3-4 hours. Following this, the medium
containing transfection complexes was removed and the cells were washed twice
with complete DMEM, before fresh medium was added.

2.2.6 Secreted alkaline phosphatase assay
To detect secreted alkaline phosphatase (SEAP), the Roche chemiluminescent
SEAP reporter assay was used. The plate of transfected cells was allowed to
equilibrate to room temperature, and medium was transferred to 1.5 ml
Eppendorf tubes. The medium was centrifuged at 13,200 rpm for 10 minutes; 50
µl of medium was then added to 150 µl of dilution buffer in a clean tube, and
incubated in a 65 °C water bath for 30 minutes to heat inactivate contaminating
alkaline phosphatase activity. The samples were centrifuged at 13,200 rpm for
30 seconds at room temperature, and transferred to ice. 50 µl of each sample
was transferred to 1 well of a white 96 well plate, and 50 µl of inactivation
buffer was added to each well and incubated for 5 minutes at room
temperature. Substrate reagent was formed by adding 50 µl of alkaline
phosphatase substrate to 950 µl of substrate buffer; 50 µl of the resulting
mixture was added to each well of the plate, and the plate was gently rocked at
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room temperature for 10 minutes. The plate was subsequently read on a Turner
BioSystems Veritas ™ Microplate Luminometer.

2.2.7 Secreted luciferase assay
To determine transfection efficiency, cells were transfected with pMET LUC
plasmid. In order to detect secreted Metridia luciferase, the Clontech Ready-toGlow™ secreted reporter system was used. Following appropriate treatment of
NIH 3T3 ROCK:ER and KD:ER cells, the culture plate was brought to room
temperature, and 50 µl of medium was transferred to a white 96 well plate.
Substrate/reaction buffer was formed by diluting lypophilized secreted
luciferase substrate in substrate buffer and incubating at room temperature for
15 minutes. This was further diluted 1:10 in reaction buffer, and 5 µl of
substrate/reaction buffer was added to each sample. The plate was then read on
a luminometer.

2.3 Animal studies
2.3.1 Home office project and personal licensing
All animal work undertaken was reviewed and approved of in project and
personal licenses issued by the UK Home Office.

2.3.2 Animal genotyping
For routine genotyping, animals were ear-clipped at weaning and samples
dispatched to Transnetyx molecular diagnostics for automated genotyping.

2.3.3 Lifeact GFP mice
The Lifeact GFP mouse was developed within the group by Dr Nicola Rath; GFP
Lifeact was cloned into the pBigT plasmid and the animals were subsequently
created by the Beatson transgenic facility. In order to achieve ubiquitous
expression of Lifeact GFP, the mouse was crossed with a Deleter Cre mouse. GFP
expression was verified by imaging the mouse using the IVIS® Spectrum in vivo
imaging system. Thereafter, the mice were crossed with K14 KD:ER and K14
ROCK:ER mice, and the offspring phenotyped using GFP goggles. GFP positive

94

mice were crossed to achieve homozygous KD or ROCK expression (confirmed by
western

blot

following

treatment

of

primary

keratinocytes

with

4-

hydroxytamoxifen).

2.3.4 Isolation of primary murine keratinocytes
Mice were euthanized either by cervical dislocation or by rising concentration of
CO2, and the tail was subsequently removed near the base. The tail was washed
with Povidone-Iodine solution, PBS-AF (PBS with fluconazole and streptomycin),
and 70% ethanol, and the skin was peeled off and placed in a 10% Dispase II
solution. Following 90 minutes incubation at 37 °C, the epidermis was separated
from the dermis, washed in PBS and minced with a scalpel. The minced
epidermis was transferred to a 50 ml Falcon tube containing 10 ml of 0.25%
trypsin and incubated for 10 minutes at 37 °C, then agitated by pipetting up and
down. Filtered FBS was added and the mixture was passed through a 70 µm then
a 40 µm cell strainer. The resulting solution was centrifuged in an Eppendorf
5804R centrifuge at 2,000 rpm for 5 minutes and the cell pellet was resuspended
in PBS. Following further centrifugation, the cells were resuspended in
Keratinocyte Growth Medium (KGM-2; 500 ml supplemented as below) and plated
on PureCol-coated tissue culture dishes. The cells were maintained at 37 °C in a
low (3%) O2 incubator.
KGM-2 Supplement

Volume

Bovine pituitary extract

2 ml

Human epidermal growth 500 µl
factor
Insulin

500 µl

Hydrocortisone

500 µl

Transferrin

500 µl

Epinephrine

500 µl

Gentamicin (GA-1000)

500 µl

Calcium chloride

83 µl
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2.3.5 Treatment of primary murine keratinocytes
Following 24 – 48 hours in fully supplemented KGM-2 medium, keratinocytes
were washed twice with PBS then cultured in keratinocyte basal medium (KBM)
with no growth factors or antibiotics. 4-hydroxytamoxifen (1 µM) or ethanol
vehicle was added to medium, and cells were cultured at 37 °C for 16 hours
before imaging, or preparation of RNA and protein lysates.

2.3.6 Culturing cells in hanging drops
In order to co-culture keratinocytes and fibroblasts, a technique of culturing
both cell types in a suspended drop of medium was used. To do this, primary
keratinocytes were isolated from K14 KD:ER and ROCK:ER animals as previously
described, and grown in 6-well plates. On the 3rd day of culture, the cells were
trypsinised with 500 µl of 0.25% trypsin, and transferred to a 14 ml Falcon tube
with 3.5 ml of complete medium. Simultaneously, NIH3T3 fibroblasts stably
expressing a TGFβ reporter were trypsinised in the same manner. The Falcons
were centrifuged (at 2000 rpm for keratinocytes, 1200 rpm for fibroblasts) for 5
minutes. The supernatant was removed, and the cells were resuspended in 8 ml
of serum-free medium. After establishing the cell number with the Casy®
Innovatis cell counter, both types of cell were centrifuged at 400 g for 5
minutes. The supernatant was removed, and thereafter the cells were dyed
using red (keratinocytes) and green (fibroblasts) fluorescent cell linker kits for
general cell membrane labelling (Sigma). In summary, this was achieved by
adding 500 µl of diluent C from the kit to the cell pellet and pipetting to mix
gently. Dye solution was prepared by adding 2 µl of dye to 500 µl of diluent C;
this was added to the cell suspension and mixed. The resulting suspension was
incubated at room temperature for 3 minutes, then 1 ml of serum was added,
followed by a further incubation at room temperature for 1 minute.
Subsequently, the cells were centrifuged at 400 g for 10 minutes, and then
centrifuged at 400 g for 5 minutes 6 times, with the supernatant being aspirated
and the cells resuspended in complete medium at each step to ensure complete
removal of the dye solution. After the final centrifuge, the cells were
resuspended to a concentration of 6 x 105 cells/ml.
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Meanwhile, a 10 cm tissue culture dish was filled with 20 ml of sterile water,
and the lid was wiped with damp tissue to eliminate static. The lid of the plate
was inverted and 10 µl drops of cell suspension (consisting of 5 µl of
keratinocytes and 5 µl of fibroblasts) were placed on the lid. The lid was flipped
over and placed on the plate over the sterile water with the drops hanging down
from the lid. Thereafter, images of the drops were taken using the Olympus
FV1000 confocal microscope.

2.3.7 In vivo treatments
2.3.7.1 Topical tamoxifen
K14 ROCK:ER and K14 KD:ER mice had topical 4-hydroxytamoxifen (4-HT) applied
to both ears once daily for 21 days at a dose of 500 µg/ear. 4-HT was prepared
by dissolving 50 mg in 2 ml of 100% ethanol. Animals were euthanized following
the final application of 4-HT and ears were collected for histology.
2.3.7.2 Tamoxifen diet
Baseline weight was recorded for K14 ROCK:ER and K14 KD:ER mice, and normal
diet was replaced with tamoxifen

diet. The weight of the animals was

rechecked 3 times per week to ensure <10% weight loss and the animals were
euthanized on day 36. Dorsal skin was shaved, dissected, placed in formalin and
submitted to histology.

2.4 Epigenetics studies
2.4.1 Preparation of genomic DNA from tissue and cell lines
2.4.1.1 Preparation of genomic DNA from cell lines
Cells were trypsinised, centrifuged, and the supernatant removed to yield a cell
pellet. The pellet was resuspended in 200 µl of PBS, and proteinase K (20 µl) and
buffer AL (200 µl) added. The mixture was incubated at 56 °C for 10 minutes,
followed by the addition of 200 µl of 100% ethanol.
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2.4.1.2 Preparation of genomic DNA from tissue
Genomic DNA (gDNA) was prepared from paired frozen samples of colon tumour
and normal colonic tissue. A 25 mg sample was minced and placed in a 1.5 ml
microfuge tube. Subsequently, the QiaAMP Mini Kit was used to prepare gDNA
following the manufacturer’s instructions. Briefly, 180 µl of lysis buffer (ATL)
and 20 µl of proteinase K were added, and the sample was placed in an
Eppendorf Comfort Thermomixer and agitated at 56 °C for a minimum of 2
hours. 4 µl of RNAse A was added to the resulting mix to obtain RNA-free gDNA.
200 µl of binding buffer (AL) was added to the sample and incubated at 70 °C for
10 minutes, followed by brief centrifugation in an Eppendorf 5417R microfuge
and the addition of 200 µl of 100% ethanol.
Subsequent steps of the protocol were essentially the same for both cells and
tissue:
The mix was applied to a QiaAMP spin column and centrifuged at 8000 rpm for 1
minute. The filtrate was discarded, and the column was transferred to a clean
collection tube. Following two wash steps with 500 µL of buffers AW1 and AW2
respectively, the column was incubated with elution buffer (AE) for 5 minutes at
room temperature. The column was subsequently centrifuged at 8000 rpm for 1
minute to elute gDNA.
The

concentration

of

the

gDNA

was

determined

using

an

Eppendorf

BioSpectrometer; the sample was diluted in nuclease-free water and the
absorbance at 260 nm was measured.

2.4.2 Bisulphite conversion of genomic DNA
Bisulphite conversion of gDNA was achieved using the EZ DNA Methylation Gold
Kit (Zymo Research). In summary, the gDNA sample was made up to a volume of
20 µl with nucleotide-free water. 130 µl of CT conversion reagent was added to
the gDNA sample and mixed, and the mixture was run in an MJ Research PTL-200
Peltier thermal cycler using the following programme:
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Temperature

Time

98 °C

10 minutes

64 °C

2.5 hours

4 °C

Up to 20 hours

The sample was subsequently loaded into a Zymo spin column with 600 µl of Mbinding buffer, mixed and centrifuged at 13,000 rpm for 30 seconds. After
discarding the flow-through, 100 µl of M-wash buffer was applied to the column,
followed by a further centrifuge and 20 minute incubation with 200 µl of Mdesulphonation buffer. Following two additional wash steps with 200 µl of Mwash buffer, 10 µl of M-elution buffer was applied to the column, which was
centrifuged at 13,000 rpm for 30 seconds in a fresh collection tube to elute the
converted gDNA.

2.4.3 PCR (for bisulphite sequencing)
Oligonucleotides were designed using the Zymo Research primer design tool. The
primer sequences are detailed below:
Promoter

Primer name

Sequence

Promoter A

LIMK2 Forward A

tttaaatatttggatttttggtatgttttgaaaggttg

Promoter A

LIMK2 Reverse A

aaaaatattacaataaaaaaaccaaatctatcccac

Promoter B

LIMK2 Forward B

tttagaggggtygtttgagtttttgagaattagggag

Promoter B

LIMK2 Reverse B

ataaaataaaccraaactaacaaataactccccatc
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A 50µl PCR mix was set up in a 200µl PCR tube as follows:
Reagent

Volume (µl)

2x Reaction buffer

25

Nuclease-free water

18.1

Forward

primer 2

(10µM)

2

Reverse primer (10µM) 2
Template DNA (100ng)

0.5

dNTPs

0.4

Zymo Taq
Total

50

The mix was run on a PCR thermal cycler using the following programme:
Temperature

Time

94 °C

3 minutes

40 cycles of:
94 °C

1 minute

46 °C or 49 °C (depending on promoter)

1 minute

72 °C

30 seconds

72 °C

10 minutes

4 °C

∞

Agarose gel electrophoresis was then utilised to confirm amplification of
appropriately-sized PCR products.

2.4.4 Agarose gel electrophoresis
In order to make a 1% agarose gel, 1 g of agarose was added to 100 ml of 1xTBE
in a 250 ml conical flask. The mix was microwaved at medium power for 3
minutes, and then swirled to ensure the agarose was fully dissolved. 1 µl of 2
µg/ml ethidium bromide was added and the mix was allowed to cool slightly. It
was then poured into a gel tray with caster and comb, and left to set at room
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temperature for 45-60 minutes. The gel was subsequently transferred to a Bio
Rad gel tank, and 1xTBE was added, covering the gel by 1-2 mm. DNA samples
were prepared with DNA loading buffer and added to the gel, with Hyperladders
I and IV loaded simultaneously as markers. Gels were run at 100-120 V for 45-60
minutes. Bands were subsequently imaged on a Syngene Genius Bio Imaging
Transilluminator with the GeneSnap programme.

2.4.5 PCR Product Purification
PCR products were purified using the Qiagen Qiaquick PCR purification kit,
following the manufacturer’s instructions. In summary, buffer PB was added to
the PCR product (5 parts to 1 part), mixed, and applied to a Qiaquick Spin
Column in a collection tube. The sample was centrifuged in an Eppendorf 5417R
centrifuge at 13,200 rpm for 1 minute at room temperature. The flow-through
was discarded and 750 µl of buffer PE was added to the Qiaquick column before
centrifuging a further two times under the same conditions, with removal of
flow-through between spins. The Qiaquick column was subsequently transferred
to a clean collection tube, and 30 µl of Buffer EB was applied to the Qiaquick
column membrane. Following 1 minute incubation at room temperature, the
Qiaquick column was centrifuged for 1 minute at 13,200 rpm at room
temperature. The resulting eluted DNA was run on an agarose gel to confirm
purification of PCR product.
In the event of multiple products being visible on agarose gel electrophoresis,
the Qiagen Gel Extraction Kit was utilised as follows: the appropriately sized
band was excised from the gel with a scalpel and placed in a 1.5 ml Eppendorf
tube. Three volumes of Buffer QG were then added to the gel band and the
sample was incubated in a heat block at 50 °C for 10 minutes, with vortexing
every 2-3 minutes. Following this, 1 volume of isopropanol was added to the
sample and the mix was transferred to a Qiaquick Spin Column. This was
centrifuged for 1 minute at 13,200 rpm, and the flow-through was discarded.
500 µl of Buffer QG was added to the Qiaquick column, which was centrifuged
for 1 minute at 13,200 rpm, followed by the addition of 750 µl of Buffer PE and a
further 1 minute centrifuge. The flow-through was discarded, and the Qiaquick
column was centrifuged for 1 minute before being transferred to a clean
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collection tube. The subsequent elution steps using Buffer EB were as per the
PCR purification protocol.

2.4.6 Cloning, transforming and sequencing bisulphite-converted
PCR products
The TOPO® TA cloning® kit was used to clone PCR products. Cloning reactions
were set up in a PCR tube as follows:
Reagent

Volume

Fresh PCR product

4 µl

Salt solution

1 µl

TOPO vector

1 µl

The reagents were gently mixed, and incubated in a PCR thermal cycler for 30
minutes at 23 °C. The reaction was then placed on ice. 2 µl of the TOPO®
cloning reaction was added to one vial of One Shot® chemically competent
E.coli on ice and mixed gently. The mixture was incubated on ice for 30
minutes. Subsequently, the bacteria were heat-shocked by placing the vial in a
42 °C water bath for 30 seconds, then immediately placed on ice. 250 µl of room
temperature SOC medium was added, and the mixture was transferred to a 15
ml polypropylene round-bottomed snap-cap tube. The tube was placed in a 37
°C shaking incubator for 1 hour.
Meanwhile, X-GAL (40 mg/ml in dimethylformamide) was spread over the
surface of an ampicillin-containing agar plate and incubated at 37 °C until
required. Following the 1 hour incubation, the transformation mixture was
spread over the plate, which was then inverted and placed in a 37 °C incubator
for a minimum of 16 hours.
Following incubation, blue-white selection was used to pick 10 white colonies
per plate with an inoculation loop. Each colony was placed in a snap-cap tube
with L-broth (5 ml) and ampicillin (5 µl) and incubated at 37 °C in a shaking
incubator for at least 16 hours. The samples were then centrifuged in a Beckman
Coulter J6-M1 centrifuge at 2000 rpm for 15 minutes at 4 °C; the supernatant
was discarded and DNA was isolated from the resulting pellets using a Qiagen
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8000 robot. DNA was sequenced on an Applied Biosystems sequencer. DNA
sequencing reactions were set up, and the samples loaded and precipitated
following the Applied Biosystems DNA sequencing protocol. DNA sequencing was
performed by the Beatson Molecular Technology Services.

2.4.7 Restriction enzyme digestion
Digestion of DNA with restriction endonucleases was performed in REact 3 buffer
2 µl of 10 x) at 37 °C for 2 hours. 10 units of restriction enzyme (EcoR I) was
added per 1 µg of DNA, and nuclease-free water was added to a total volume of
20 µl. The reaction was stopped by adding 5 µl of 10 x DNA loading buffer.
Digestion of DNA was confirmed by agarose gel electrophoresis as previously
described.

2.4.8 Analysis of sequencing results
DNA sequences were analysed on the CLC Genomics Workbench version 5.5.1.

2.4.9 Methylation specific PCR
Methylation-specific primers were designed for individual CpG islands within the
promoter sequence using the Urogene Methprimer tool (Department of Urology,
UCSF). One primer pair was specific to unmethylated and one to methylated
DNA. The primer sequences are detailed below:
Primer name

Sequence

Unmethylated forward

tttgtattaaaaatataaaaattagtcga

Unmethylated reverse

gtactaaccaccatacccaacgta

Methylated forward

ttgtattaaaaatataaaaattagttga

Methylated reverse

catactaaccaccatacccaacata

Following bisulphite conversion of gDNA, a PCR reaction was set up in a 200 µl
PCR tube, and run on a thermal cycler. Agarose gel electrophoresis was
subsequently used to differentiate unmethylated and methylated bands.
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2.5 Cellular protein extraction and analysis
2.5.1 Total cell lysate preparation
Cells are lysed to obtain soluble proteins. After placing the culture dish on ice,
the cell culture medium was aspirated and the cells washed twice with ice-cold
PBS. An appropriate volume of SDS lysis buffer was added to the culture dish
(e.g. 30 µl per well of a 6-well plate), and a cell lifter used to scrape the cells
from the surface of the dish. The resulting lysate was applied to a Qiagen
Qiashredder column and centrifuged at 13,200 rpm for 1 minute. The
homogenized lysate was transferred to a 1.5 ml Eppendorf microfuge tube and
placed on dry ice for 1 minute. After thawing, the sample was centrifuged at
13,200 rpm for 15 minutes at 4 °C. The supernatant was transferred to a fresh
tube and the protein concentration was determined.

2.5.2 Measurement of protein concentration
The Bicinchoninic acid (BCA) assay was used to determine the protein
concentration of cell lysates. Protein standards were prepared using bovine
serum albumin (stock concentration 2 mg/ml) in SDS lysis buffer at the following
concentrations: 0.08, 0.1, 0.2, 0.4, 1 and 2 mg/ml. Samples were added to a
Greiner Bio One 96 well plate: 10 µl of blank (SDS buffer alone) in triplicate, and
10 µl of standards and samples. 200 µl of developing solution (bicinchoninic acid
and copper sulphate; 50:1) was added to each well, and the plate was incubated
at 37 °C for 45-60 minutes. After equilibrating to room temperature, absorbance
was measured on a Molecular Devices Microplate reader. A standard curve was
plotted, and sample concentrations thus determined.

2.5.3 SDS-Polyacrylamide gel electrophoresis
Separation of protein samples by molecular weight was achieved by SDSpolyacrylamide gel electrophoresis. 8% Tris-glycine gels (recipe below) and
NuPAGE Bis-Tris 4-12% gradient gels were used. Protein samples were prepared
in SDS sample buffer and heated at 95 °C for 4 minutes. Samples were
centrifuged briefly after heating, and loaded onto the gel alongside Precision
Plus ProteinTM All Blue molecular weight marker or Thermo Scientific
PageRulerTM Prestained protein ladder. 8% gels were run in tanks containing 1 x
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SDS running buffer at 90 V for 2 hours 45 minutes; Bis-Tris gels were run in tanks
containing 1 x NuPAGE MES or MOPS running buffer (depending on the expected
molecular weight of the protein of interest) at 160 V for approximately 1 hour 30
minutes. Subsequently, gels were used for western blotting.
Reagent

Separating gel

Stacking gel

Distilled water

46.4 ml

20.4 ml

30% Acrylamide mix

26.6 ml

5.1 ml

1.5 M Tris pH 8.8

25 ml

-

1.0 M Tris pH 6.8

-

3.75 ml

10% SDS

1 ml

300 µl

10% Ammonium

1 ml

300 µl

60 µl

30 µl

persulphate
TEMED

2.5.4 Western blotting
Proteins were transferred to ProtranTM nitrocellulose membrane in a Bio-Rad Mini
Trans-Blot Cell® containing 1 x NuPAGE Transfer Buffer with 10-20% methanol.
All transfers were run at 100 V for 1 hour. The membrane was stained with
Ponceau red solution to verify equivalent loading, washed with distilled water,
and blocked in 5% non-fat milk powder in TBS-T (TBS-TM) for 1 hour at room
temperature. Primary antibodies were diluted to the desired concentration in
TBS-TM) and membranes were incubated with the solution at 4 °C overnight.
This was followed by three 5 minute washes in TBS-T, and 1 hour incubation in
secondary antibody at the required concentration in TBS-TM at room
temperature. The membrane was washed again: 10 minutes in TBS-T, 2 x 5
minutes in TBS-T, and 10 minutes in TBS. The membrane was then scanned using
the LI-COR Odyssey CLx system, and protein bands were visualised and
quantified using Image Studio version 3.1.
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2.5.5 Preparation of nuclear and cytoplasmic extracts
Following trypsinisation, cells were harvested with serum-containing DMEM,
transferred into a 14 ml Falcon tube and centrifuged at 500 g for 5 minutes in an
Eppendorf 5804R centrifuge. The medium was removed, and the pellet
resuspended in 1 ml of cold PBS and transferred to a 1.5 ml Eppendorf tube. This
was centrifuged in an Eppendorf 5415 centrifuge at 500 g for 3 minutes at 4 °C,
and the supernatant was removed, leaving the pellet as dry as possible.
Thereafter, the Thermoscientific NE-PER Nuclear and Cytoplasmic Extraction kit
was used, following the manufacturer’s instructions. In summary, the volume of
the cell pellet was estimated, and an appropriate volume of CER I (cytoplasmic
extraction reagent I), with protease inhibitor, was added. This was vortexed for
15 seconds, and incubated on ice for 10 minutes. Next, an appropriate volume of
CER II was added, followed by vortexing for 5 seconds, and a 1 minute
incubation on ice. The tube was again vortexed, and subsequently centrifuged at
13,200 rpm for 5 minutes at 4 °C. The supernatant (cytoplasmic extract) was
transferred to a clean, pre-chilled tube and kept on ice. The remaining pellet
was suspended in an appropriate volume of NER (nuclear extraction reagent)
with added protease inhibitor and vortexed for 15 seconds every 10 minutes for
a total of 40 minutes. Following this, the tube was centrifuged at 13,200 rpm at
4 °C for 10 minutes. The resulting supernatant (nuclear extract) was transferred
to a clean, pre-chilled tube. Both cytoplasmic and nuclear extracts were
homogenised using a Qiashredder spin column. Thereafter, the extracts were
used for gel electrophoresis as previously described.

2.5.6 TGFβ ELISA
An R&D Systems Quantikine ELISA kit was used to detect TGFβ in cell culture
medium. In order to activate latent TGFβ to the immunoreactive form, acid
reactivation and neutralisation is necessary. This was achieved by adding 200 µl
of cell culture supernatant to 40 µl of 1 N hydrochloric acid, mixing, and
incubating at room temperature for 10 minutes. 20 µl of 1.2 N sodium
hydroxide/0.5 M HEPES was then added to neutralise the sample. The standard
stock solution was used to produce a two-fold dilution series at the following
concentrations: 31.2, 62.5, 125, 250, 500, 1000 and 2000 pg/ml. Subsequently,
50 µl of assay diluent and 50 µl of standard or sample were added to each well
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of the ELISA plate and incubated for 1 hour at room temperature. Following this,
the plate was washed and 100 µl of TGFβ 1 conjugate was added to each well.
This was incubated for 2 hours at room temperature, followed by washing and
incubation with colour reagents. Stop solution was added after 30 minutes, and
the optical density of each well was determined with SoftMax Pro 4.8 software
on a Molecular Devices Microplate Reader set to 450 nm wavelength.

2.5.7 TGFβ Bioassay
To determine the responsiveness of NIH3T3 TGFβ reporter cells, cells were
plated at 1 x 105 per well of a 24-well plate, in DMEM supplemented with FCS. 24
hours later, cells were washed with PBS, and serum-free medium was added.
After 6 hours had elapsed, recombinant TGFβ was added at a range of
concentrations (from 20 pg/ml to 5 ng/ml). Cells were incubated at 37 °C for 16
hours. Subsequently, Promega luciferase reagents were prepared: a 1X solution
of reporter lysis buffer was made up, and 10 ml of luciferase buffer was added
to lypophilized luciferase substrate and mixed. Following this, the cells were
washed with PBS and 100 µl of 1X reporter lysis buffer was added to each well.
The plate was placed at -80 °C for 1 hour to ensure adequate cell lysis. After
thawing, the plate was placed on a rocker at room temperature for
approximately 5 minutes. The cells were scraped, and the lysates transferred to
1.5 ml Eppendorf tubes on ice. These were vortexed for 10 seconds, and
centrifuged at 12,000 g for 2 minutes at 4 °C in an Eppendorf 5415 centrifuge.
The supernatant was transferred to a fresh tube, and 40 µl of each sample was
added to a 96-well white plate. The plate was placed on a Turner Biosystems
Veritas™ Microplate Luminometer, and automated injectors used to add 40 µl of
luciferase assay reagent per well; the readout was recorded by GloMax®
software.

2.6 Microscopy
2.6.1 Histological tissue collection, fixation, processing and staining
Animals were euthanized by rising concentrations of CO2 and tissues were
immediately dissected and fixed by immersion in 10% buffer formaldehyde. The
fixed tissue was subsequently processed by the Beatson Institute Histology
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Service, which undertook paraffin embedding, sectioning and staining. Samples
were de-waxed prior to staining by immersing in xylene, and then rehydrated in
97% ethanol and washed in deionised water. Slides were stained with
haematoxylin and eosin (H&E). Additionally, samples were probed for the
presence of TNC as follows: heat-induced antigen retrieval was performed with
PT Module™ pH 8 EDTA retrieval buffer. After washing with Tris-buffered saline
with tween (TBST), the samples were blocked with endogenous peroxidase for 5
minutes, washed again, and blocked with ImmPRESS™ normal goat serum for 30
minutes. Subsequently, the samples were incubated with mouse anti-TNC
antibody (1:300; Sigma) for 40 minutes at room temperature. Following this, the
slides were washed, and ImmPRESS™ anti-rat reagent was applied for 30
minutes.

Thereafter,

tetrahydrochloride

for

they
10

were

incubated

minutes,

washed

with
and

3,3’-Diaminobenzidine
counterstained

with

haematoxylin Z for 7 minutes. Finally, the slides were washed and mounted.

2.6.2 Immunofluorescence
Cells were plated on autoclaved 13 mm coverslips in 24 well plates; following
treatment, medium was aspirated from the well and cells washed, fixed with 4%
paraformaldehyde, permeabilised with 0.3% Triton X100 and blocked with 1%
BSA. Primary antibody was diluted to the required concentration in 1% BSA and
applied to the coverslip for 1 hour at room temperature. The coverslip was
subsequently washed before being incubated with secondary antibody for 1 hour.
Thereafter, the coverslip was washed, inverted on Vectashield™ mounting
medium on a glass slide, and sealed with nail polish. Cells were imaged on a
Zeiss 710 upright confocal microscope, using a 40X oil objective and 1,3
aperture.

2.6.3 Time lapse microscopy
K14 KD:ER Lifeact GFP and K14 ROCK:ER Lifeact GFP keratinocytes were isolated
as described previously and plated on collagen-coated 6-well plates for 24 to 48
hours. They subsequently underwent serum starvation and treatment with 4HT
(1 µM) or ethanol vehicle. Bright field differential interference contrast (DIC)
and GFP fluorescent time lapse microscopy images were acquired with a 10X
objective using a Nikon Eclipse Ti microscope (with Perfect Focus System) with a
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heated stage and 5% CO2 gas line. The plated cells were placed on the
microscope immediately following treatment, and time lapse images were taken
every 10 minutes for 24 hours using a CoolSNAP HQ2 camera with 0.3 aperture.
The resulting images were analysed using MetaMorph® software.

2.7 Gene expression studies
2.7.1 Preparation of RNA from primary keratinocytes
In order to prepare RNA from primary keratinocytes, cultured cells were washed
with PBS and trypsinised with 0.25% trypsin. Medium was added to the
trypsinised cells, and the mix was centrifuged at 14,000 rpm for 10 minutes at 4
°C. The supernatant was removed, and RNA was isolated from the resulting cell
pellet.
Using the RNeasy Kit (Qiagen), the cells were lysed with lysis buffer, then
homogenised in a Qiashredder spin column. 70% ethanol was added to the
resulting flow through, and the mix was passed through the RNeasy spin column
to bind the RNA. Following a wash step, to reduce the possibility of DNA
contamination the RNase-free DNase set was used to digest DNA on the spin
column. The solution was prepared by adding 10µl of RNase-free DNase I to 70 µl
of RNase-free buffer and mixing. This was then added directly to the column
membrane and incubated at room temperature for 15 minutes. Subsequently, a
further two wash steps were followed by elution of the RNA in RNase-free water.

2.7.2 Determination of RNA concentration and quality
Concentration of RNA samples was determined using the Qubit® Assay,
comprising a fluorescent dye that binds to RNA and emits a signal that can be
read in the Qubit® fluorometer.
To determine the integrity of RNA samples, the Agilent Bioanalyzer RNA 6000 kit
was used. Gel matrix was filtered by applying to a spin column and centrifuging
for 10 minutes at 4000 rpm in an Eppendorf 5417R microfuge. 1 µl of dye
concentrate was added to a 65 µl aliquot of filtered gel, vortexed, and
centrifuged at 13,200 rpm for 10 minutes. The gel-dye mix was applied to the
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microfluidic chip, and RNA samples were loaded into the appropriate wells. The
chip was vortexed, and run in an Agilent Bioanalyzer 2100.

2.7.3 Quantitative Real Time PCR
To carry out quantitative RT PCR, complementary DNA (cDNA) was prepared
from RNA samples using the Quantitect Reverse Transcription kit. The initial step
involved a genomic DNA elimination reaction, in which 2 µl of gDNA wipeout
buffer was added to 1 µg of template RNA, and nuclease-free water added to a
total volume of 14 µl. The mixture was incubated at 42 °C for 2 minutes in a PCR
thermal cycler, and added to a reverse transcription mix, consisting of 1 µl of
reverse transcriptase, 4 µl of RT buffer, and 1 µl of RT primer mix. The resulting
solution was incubated in a thermal cycler as follows:
Temperature

Time

42 °C

15 minutes

95 °C

5 minutes

Thereafter, resulting cDNA samples were diluted to 1:5 with nuclease-free
water; 10 µl of each sample was pooled and standards were prepared at the
following concentrations: 0.01, 0.04, 0.2, 1. A reaction mixture was then
prepared as follows (volumes for 1 reaction):

Component

Volume

Master mix

10 µl

Nuclease-free water

6.1 µl

Primer

2 µl

ROX passive reference dye

0.4 µl

Total

18.5 µl

NB. Master mix contains hot-start polymerase, SYBR green, PCR buffer, 5 mM
MgCl2, and dNTP mix.
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The reaction mixture was then dispensed into a MicroAmp® Fast Optical 96 well
reaction plate, and 1.5 µl of standard or sample was added to each well. The
plate was covered with optically transparent sealing film, and run on an Applied
Biosystems 7500 Fast Real-Time PCR System. Data were analysed on Applied
Biosystems 7500 Software version 2.0.5.

2.7.4 RNA microarray
Affymetrix mouse gene 1.0 ST array was performed on RNA samples by the
Molecular Core Biology Facility at the CRUK Manchester Institute.

2.7.5 RNA sequencing
Next-generation RNA sequencing was carried out on the Illumina® NextSeq 500
platform by the Beatson Institute Molecular Technology Services. Data were
analysed by the Computational Biology department at the CRUK Beatson
Institute.

111

3 The role of LIM kinases as potential tumour
suppressor genes in colorectal cancer
3.1 LIM kinases in colorectal cancer
The LIM kinases (LIMK 1 & 2) play a downstream role in the Rho/ROCK pathway
in the regulation of actin-myosin cytoskeletal dynamics; they act by
phosphorylating cofilin on serine 3 and inactivating its F-actin severing function,
thus regulating actin filament dynamics. It has been proposed that the balance
of phosphorylated versus non-phosphorylated cofilin, under the influence of
LIMKs, may participate in determining the metastatic potential of a cancer cell.
Using Oncomine®, it was identified that LIMK2 expression was down-regulated in
colorectal cancer (CRC), and a statistically significant reduction in LIMK2 levels
in adenocarcinoma samples relative to normal colon tissue in CRC microarray
datasets was observed (Figure 3-1). In addition, a progressive reduction in LIMK2
levels with increasing tumour stage was noted, and a statistically significant
positive correlation between low LIMK2 levels and poor patient outcomes has
been shown

224

. It was also found that LIMK2 expression in CRC cell lines is lower

than levels observed in normal colon cell lines (Figure 3-2).
The “cell of origin” in CRC is understood to be the intestinal crypt stem cell,
which functions as a self-renewing multipotent cell capable of regenerating the
intestinal epithelium. LIMK2 was found to impede intestinal stem cell
proliferation in both Drosophila melanogaster and murine models, implying that
reduced LIMK2 expression may permit intestinal stem cells to proliferate without
restraint.
Based on these findings, it was proposed that loss or silencing of LIMK2 may play
an important role in the initiation and progression of CRC.
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B

C

Figure 3-1 LIMK2 expression is down-regulated in colorectal cancer versus normal colonic
tissue
A) Log2 median-centred LIMK2 mRNA expression in normal versus adenocarcinoma tissue samples
from Kaiser et al 462 (left side) and The Cancer Genome Atlas Network 463 (right side). B) Log2
median-centred LIMK2 mRNA expression in microdissected healthy lamina propria or epithelia
versus corresponding adenoma or carcinoma from Skrzypczak et al 464. C) Log2 median-centred
LIMK2 mRNA expression in normal versus carcinoma samples from Skrzypczak et al 464 (left side)
and Hong et al 465 (right side). Statistical significance was determined by one way analysis of
variance followed by Tukey’s post-hoc tests.
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Figure 3-2 LIMK2 expression in normal colon versus CRC cell line.
Western blot of lysates prepared from HCT116 and SW48 (CRC cell lines) and from normal human
colon confirms higher expression of LIMK2 in healthy colon tissue compared to colon cancer. αtubulin served as a loading control.

114

3.2 Epigenetics
By a process known as DNA methylation, DNA molecules can be altered
covalently by the attachment of methyl groups to cytosine bases; this
modification has been shown to be as important as mutation in altering gene
expression

270

. A class of enzymes known as maintenance methylases functions to

maintain the methylation state of a DNA sequence through multiple rounds of
DNA replication

466

; thus, DNA methylation can be considered a heritable

property. However, as DNA methylation does not alter the nucleotide sequence
it is regarded as an epigenetic, as opposed to genetic, mechanism. De novo DNA
methylation also occurs, primarily during embryogenesis and cell differentiation
467

; it is mediated by DNMT3a and DNMT3b

468

.

It is well established that the disruption of normal epigenetic patterns can occur
in the early phases of tumorigenesis, and continue to accumulate throughout
tumour progression

469

. Aberrant DNA methylation, with the excessive addition of

methyl groups to the 5’ position of cytosine nucleotides in gene promoter
regions, leads to silencing of gene transcription. This is of particular relevance in
the context of tumour suppressor genes

470

. Conversely, global hypomethylation

can result in the expression of previously suppressed genes, and has been
implicated in genetic instability and cancer progression.

3.3 Hypotheses
Thus, the hypotheses that LIMK2 may function as a tumour suppressor gene in
CRC

and

that

its

down-regulation

may

be

under

the

influence

of

hypermethylation of the gene promoter region were proposed.

3.4 Assessing methylation status
To assess the methylation status of a DNA sequence, a number of options are
available. These include (1) methylation-specific PCR (MSP) and (2) bisulphite
sequencing, both of which entail initial conversion of DNA with sodium
bisulphite, modifying unmethylated cytosines to uracil whilst leaving methylated
cytosines unaltered. Thereafter, in the case of MSP, primers are designed that
utilise the sequence differences following bisulphite conversion to amplify either
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methylated or unmethylated DNA. Whilst this technique provides useful
information on methylation of “blocks” of CpG dinucleotides, it has limitations
in that it gives a fairly crude “yes or no” outcome. In contrast, bisulphite
sequencing relies on the design of primers that do not contain CpGs, so that PCR
amplification does not depend on methylation status; this provides an unbiased
approach, with no presupposition of the degree of methylation of the sequence
of interest. In addition, bisulphite sequencing enables a more accurate and
detailed assessment of methylation status of individual CpGs within the
sequence. I elected to adopt both approaches; however I chose to focus my
efforts on bisulphite sequencing for the aforementioned reasons.

3.5 LIMK2 promoters are methylated in CRC cell lines
3.5.1 Methylation-specific PCR
To establish if methylation status was influencing LIMK2 expression, I cultured
two human CRC cell lines: HCT 116 and SW48. These had previously been shown
to have reduced LIMK2 levels compared with normal colon. I designed
methylation-specific primers: one pair specific for methylated DNA and one pair
specific for unmethylated DNA. I prepared genomic DNA from the cells; this was
bisulphite converted, a process in which, on exposure to bisulphite,
unmethylated C nucleotides undergo conversion to T nucleotides, while
methylated CpGs are resistant to conversion and are unaltered. I carried out
methylation-specific PCR on the converted samples, confirming that LIMK2
promoter B is methylated (Figure 3-3).
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Figure 3-3 Methylation-specific PCR on CRC cell lines.
Genomic DNA was prepared from HCT116 and SW48 CRC cell lines. Following bisulphite
conversion, PCR using primer pairs specific for methylated and unmethylated DNA was carried
out. Primer pairs A1 and A2 were targeted to LIMK2 promoter A; primer pair B was targeted to
LIMK2 promoter B. M = methylated, U = unmethylated. A band is visible in the appropriate
location in the “methylated” primer B reaction, indicating that promoter B is predominantly
methylated as opposed to unmethylated.
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3.5.2 Bisulphite sequencing
To elucidate the degree of methylation, I went on to design oligonucleotides
(using the Zymo Research bisulphite primer seeker programme) with the
capability to amplify both methylated and non-methylated DNA (after identifying
CG-rich sequences in the region of both LIMK2 promoters). In order to optimise
the bisulphite sequencing method, multiple primer pairs were designed and
trialled. In addition, both temperature and magnesium gradients were utilised,
as PCR on bisulphite-converted gDNA is notoriously difficult to perfect.
Ultimately, the correct primer pair and optimal conditions with regard to
temperature and magnesium concentration were established and used in all
experiments going forward. I then performed PCR on the bisulphite-converted
genomic DNA from HCT116 and SW48 cell lines, and carried out agarose gel
electrophoresis on the PCR products. Following purification, the products were
cloned, transformed and sequenced. On obtaining sequences for 10 clones from
each cell line, I analysed the DNA sequences using the CLC Genomics Workbench
(version 5.1.1). This enabled a direct comparison between the unmodified LIMK2
promoter sequences, and the bisulphite converted promoter sequences. I could
thus identify individual CpG subunits that had remained resistant to conversion
and could therefore be deemed methylated. Analysing 10 separate clones
allowed me to determine a map of the methylation status of the promoter
regions in the CRC cell lines (Figure 3-4).
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Figure 3-4 Schematic of methylation status of individual CpG dinucleotides
Each panel shows the methylation status of individual CpG dinucleotides as determined by
bisulphite sequencing; each horizontal row represents a single clone. HCT116 promoter A
demonstrates 94.3% CpG methylation; promoter B demonstrates 88.6% CpG methylation. SW48
promoter A and promoter B demonstrate 95.7% CpG methylation.
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3.6 Treatment with DNMTi leads to upregulation of LIMK2
expression in CRC cell lines
It is well established that aberrant gene promoter methylation is a pivotal
mechanism of tumour suppressor gene inactivation and many genes, including
p15INK4B and E-cadherin

471,472

, are inactivated by promoter hypermethylation.

It has previously been shown that treatment with DNA methyltransferase (DNMT)
inhibitors such as 5-AZA-2’-deoxycytidine causes re-expression of genes silenced
through promoter hypermethylation. Both 5-Azacytidine (5-AZA) and 5-AZA-2’deoxycytidine are converted to deoxynucleotide triphosphates and subsequently
incorporated in place of cytosine as azacytosine into replicating DNA when cells
are in S-phase

473

. DNA demethylation as a consequence of Azacytidine exposure

is observed following extended drug exposure, typically 48 hours

474

, a time

period that permits a sufficient number of cell division cycles for incorporation
into the DNA to occur

475

. Thus, in the presence of DNMT inhibitors, there is a

progressive loss of DNA methylation as cells continue to grow and divide.
In order to determine if the reduction in LIMK2 levels observed in CRC cell lines
is under epigenetic control, I again used HCT116 and SW48 cells. 24 hours after
plating the cells in 6 well plates at 2 x 105 cells per well, I treated the cell lines
with DNMT inhibitors, compounds that are capable of inhibiting the transfer of
methyl groups to DNA by preventing the activity of DNA methyltransferases. I
used the well-characterised DNMT inhibitor 5-Azacytidine (5-AZA; final
concentration 10 µM), and the novel DNMT inhibitor RG108 (final concentration
100 µM), with dimethyl sulfoxide (DMSO) vehicle 1% as a control. Following 48
hours of treatment with the DNMT inhibitors, I confirmed by western blot that
there was an increase in the protein level of LIMK2 when compared with the
vehicle-treated SW48 cell line (Figure 3-5). This effect was not observed in the
HCT116 cell line.
There is some evidence that genes that undergo demethylation following
treatment with DNMT inhibitors display enrichment of transcription factor
binding motifs; this may interfere with maintenance methylation at specific
regions of the new DNA strand during replication and thus potentially facilitate
non-random demethylation at specific loci

202,476

. It is therefore possible that
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both direct and indirect effects of DNMT inhibition on LIMK2 are responsible for
the alterations in expression observed.
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B

Figure 3-5 Treatment with DNMTi increases LIMK2 expression in CRC cell lines
A. Representative western blot showing an increase in LIMK2 levels in SW48 cells following 48
hours of treatment with the DNMT inhibitors 5-Azacytidine and RG108 versus DMSO vehicle
control. α-tubulin was used as a loading control to ensure equivalent protein concentrations. All
antibodies used at a concentration of 1:1000. B. Quantification of fold change in LIMK2 relative
to α-tubulin in SW48 cells. Arbitrary units, n = 1.
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3.7 Treatment with DNMTi reduces methylation of the
LIMK2 promoters in CRC cell lines
Having previously confirmed that DNMT inhibitor treatment led to increased
protein levels of LIMK2, I next wanted to investigate the DNA methylation profile
of the gene promoters following exposure to DNMT inhibition. In order to do so, I
again used HCT116 and SW48 cells and treated them with 5-AZA and RG108.
Vehicle-treated cells were again used as a comparator. Following 48 hours of
treatment, I carried out bisulphite sequencing as described previously; this
confirmed that the number of methylated CpG dinucleotides was lower in cells
treated with 5-AZA than in those treated with vehicle (Figure 3-6).
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Figure 3-6 CpG methylation in CRC cell lines treated with 5-Azacytidine
SW48 cells were treated with 5-Azacytidine or DMSO vehicle for 48 hours. Subsequently, genomic
DNA was prepared and bisulphite converted as described previously and, following amplification,
PCR products were cloned and sequenced. A) Each panel shows the methylation status of
individual CpG dinucleotides as determined by bisulphite sequencing; each horizontal row
represents a single clone. B) The schematic shows the location of the CpG islands in relation to
the transcriptional start sites for the LIMK2a and LIMK2b promoters. The pie charts show the
degree of methylation of untreated CpG dinucleotides versus 5-Aza treated dinucleotides. The
degree of methylation following DNMT inhibitor treatment decreased in both the LIMK2a
promoter and LIMK2b promoter. With permission from Lourenço et al 224.
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3.8 The LIMK2 promoters are significantly more
methylated in human CRC tumour samples than in
normal colonic tissue
Having established that expression of LIMK2 is dependent on the methylation
status of the promoters in vitro, I next wished to investigate the role of
methylation in human CRC. To do so, I obtained matched samples of normal
colon and colonic adenocarcinoma (through collaboration with Professor Graeme
Murray, Pathology Department, Aberdeen University). I initially wanted to
investigate a range of stages of disease, to reflect the stepwise progression that
occurs in the development of CRC. CRC is conventionally staged by the Duke’s
system (Dukes, C. E. (1932), The classification of cancer of the rectum. J.
Pathol., 35: 323–332. doi: 10.1002/path.1700350303); however, I felt that
Duke’s stage C encompasses too many potential variables as the primary tumour
can be of any degree of invasiveness in the presence of lymph node disease.
Therefore, I elected to focus my efforts on Duke’s stage A and stage B tumours.
I acquired paired samples from 6 patients, 3 representing each different stage of
CRC, with matched normal tissue from the same patients. I prepared genomic
DNA from the healthy tissue and the tumour samples, and carried out bisulphite
sequencing using primers for LIMK2a and LIMK2b promoters. After selecting 10
clones for each sample, I again used the CLC Genomics Workbench to analyse
the degree of CpG methylation.
I discovered that normal colon samples had significantly lower CpG dinucleotide
methylation than colon adenocarcinoma samples (Figures 3-7 and 3-8).
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Promoter A
Promoter B

% methylation normal
57.1
68.6

% methylation tumour
87.1
84.3

Figure 3-7 Tumour samples show a greater degree of methylation than matched healthy
tissue
Bisulphite sequencing confirms that individual CpG dinucleotides display higher levels of
methylation in tumour samples compared to healthy colon from the same individual.
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Figure 3-8 CpG methylation of LIMK2a and LIMK2b promoters in paired normal and tumour
samples.
A) Schematic indicates the position of CpG islands relative to the transcriptional start site for
each promoter. The pie charts indicate the proportion of methylation from multiple independent
clones for each CpG island in the bisulphite-converted genomic DNA of a representative patient.
B) Cumulative LIMK2a and LIMK2b promoter methylation from matched healthy and tumour
tissue obtained from six patients with CRC. Statistical significance determined by one way
analysis of variance followed by Tukey’s post-hoc tests.
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I next wanted to determine if a relationship existed between the stage of the
tumour and the degree of methylation of CpG islands. I therefore analysed the
degree of methylation of Duke’s A versus Duke’s B tumours, with the matched
normal tissue also categorised as per the stage of the patient’s tumour. I found a
trend towards increasing methylation of the LIMK2a and LIMK2b promoters with
increasing depth of invasion of the primary tumour (Figure 3-9).

129

Figure 3-9 Methylation status of LIMK2a and LIMK2b promoters by Duke’s stage
A trend towards increasing CpG methylation is observed in tumour samples obtained from
patients with Duke’s B tumours versus Duke’s A tumours. Duke’s A promoter A versus Duke’s B
promoter A: p = 0.0686. Duke’s A promoter B versus Duke’s B promoter B: p = 0.0682 (unpaired t
test). A larger sample size would be necessary to establish if a significant relationship does exist
between advancing tumour stage and degree of methylation.
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3.9 LIMK2 deficiency in mouse models of colorectal cancer
I subsequently wanted to investigate whether Limk2 deletion in a CRC animal
model would promote the development and progression of CRC. This work was
undertaken with Dr Filipe Lourenço. The Limk2 knock-out mouse model was
developed by obtaining Limk2 gene-trap embryonic stem cells from the European
Conditional Mouse Mutagenesis Program (EUCOMM); the Beatson transgenic
facility subsequently performed blastocyst injections using a standard approach.
The gene-trap targeted the second intron of the Limk2 gene, thus preventing the
expression of a functional protein. Gene trapping is an approach through which a
promoterless reporter construct is integrated into a gene expressed in an
embryonic stem cell. The gene trap cassette is flanked with genomic sequences,
enabling the insertion to be directed precisely into introns of genes by
homologous recombination

477

. Genotyping of the mice was carried out by

Transnetyx molecular diagnostics, with the desired phenotype (Limk2-KO) being
present in 26.8% of animals at birth. Mice homozygous for gene-trapped Limk2
loci were validated by immunofluorescence, which showed no Limk2 or
phosphorylated cofilin expression in the intestine (compared with Limk2-WT
mice)

224

. In the first experiment, performed by Dr Lourenço with my assistance,

8 – 12 week-old Limk2 wild-type (WT) and knock-out mice underwent a single
intraperitoneal injection of azoxymethane (AOM) solution at a dose of 12.5
mg/kg.

AOM

is

metabolised

by

cytochrome

P450,

ultimately

forming

formaldehyde and a highly reactive alkylating species, resulting in alkylation of
DNA. Following this, mice received drinking water with dextran sodium sulphate
(DSS), an agent that is directly toxic to colonic epithelium, mimicking the
chronic inflammatory state observed in inflammatory bowel disease in man (e.g.
Crohn’s disease or ulcerative colitis), and compounding the tumorigenic effects
of AOM. It was found that Limk2-deficient mice experienced a greater degree of
weight loss, and also were shown to have larger tumour foci with a greater
propensity to invasiveness than WT mice

224

.

Further to this work, we crossed the Limk2 knock-out model with a genetically
modified CRC model: Vilin Cre:ER, Apcfl/+, Kras G12D mutant. Cre was induced
with four daily intraperitoneal injections of tamoxifen, and I monitored the
animals for evidence of weight loss and signs of gastrointestinal disease. There
was no significant difference between the two groups in terms of survival or
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extent of weight loss (Figure 3-10). This could possibly be explained by the high
malignant potential of the mutant Kras, Apc heterozygous phenotype, which may
not be modulated by the relatively small effect of loss of Limk2.
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A

B

Figure 3-10 Loss of Limk2 in a GM mouse model of CRC shows no significant difference in
survival or weight loss
A)Kaplan Meier curve of survival in two cohorts of Vilin Cre:ER, APCfl/+, KRAS G12D mutant mice,
one expressing wild type (WT) Limk2, the other with Limk2 knock out. Survival was not
significantly altered between the groups. B) Baseline and final weights of the mice reveals no
acceleration in weight loss in the Limk2 KO group versus the Limk2 WT group.
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3.10 Summary
In summary, the results presented in this chapter show that:
•

LIMK2 expression is downregulated in CRC when compared with normal
colon tissue at the mRNA and protein level

•

LIMK2 promoters are methylated in CRC cell lines

•

Treatment with DNMT inhibitors reverses this hypermethylation

•

Primary colonic tumours display a greater degree of LIMK2 methylation
than matched healthy colon tissue

•

There is a trend towards increased methylation with increasing depth of
invasion of primary tumour

•

Loss of LIMK2 in an inflammation-related CRC mouse model predisposes to
larger tumour foci with a greater depth of invasion

•

Loss of LIMK2 in a GM mouse model with mutant KRAS and loss of APC
does not give the same outcome
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4 Modulation of the Actin Cytoskeleton Impacts on
Extracellular Matrix Composition
Skin is an organ that is subject to external mechanical stress, prompting
interactions between the cells of the dermis and epidermis, and the
extracellular matrix. A conditionally active ROCK construct had previously been
developed in the lab (Figure 4-1)

478

. In order to determine the impact of

alterations in the actin cytoskeleton in the context of skin’s response to differing
levels of tension, genetically modified mice with a conditionally regulated
oestrogen receptor (ER) fusion form of the ROCKII kinase domain under
transcriptional control of the cytokeratin 14 (K14) promoter were previously
developed in the laboratory

479

. This construct consisted of a modified ER, with a

glycine to arginine point mutation at position 525, resulting in an inability to
bind 17β-oestradiol, but retained 4-HT-binding capacity; this was inserted in the
ROCK II gene, in place of the Rho-binding domain, resulting in a ROCK II kinase
domain that was responsive to 4-HT as opposed to RhoA-GTP

478

. Through

targeting the K14 gene promoter to the hypoxanthine phosphoribosyltransferase
(Hprt)

gene

locus,

tissue-selective

expression

of

conditionally

active

ROCKII:mER™ within a specific target tissue was possible (Figure 4-2); in this
instance, as K14 is a cytokeratin that is expressed at high levels in the stratified
epithelium of the epidermis, permitting skin localisation. A kinase dead control
construct had also previously been created by point mutation (lysine 121 was
altered to glycine in the ATP-binding pocket)

478

. In vivo studies with these mice

previously revealed that ROCK activation leads to an elevation in skin stiffness
and thickness

83

; however, the specific mechanisms by which this occurs have

not yet been determined. I therefore sought to identify alterations in gene
expression that occur as a consequence of ROCK activation in keratinocytes. The
results of these investigations are presented in this chapter.
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Figure 4-1 Schematic of ROCKII and the conditionally regulated ROCK:ER construct
PH: pleckstrin homology domain; CRD: cysteine-rich domain. Amino acids 5-553 were joined in
frame to enhanced GFP (EGFP) and ER hormone-binding domain (hbER) to create the ROCK:ER
fusion protein. A kinase dead version was created by altering lysine 121 to glycine
(ROCK(K121G)). Adapted from Croft and Olson478
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Figure 4-2 The gene targeting approach for developing K14-ROCKII:mER™ mice
A K14-ROCKII:mER™ expression cassette was targeted to the mutant mouse Hprt locus, with the
promoter and first exon of human HPRT and the second exon of murine Hprt to reconstitute an
active chimeric Hprt locus. EG: green fluorescent protein; *: β globin intron; PK14: K14 promoter
sequence; ER: mER™ sequence; pA: K14 polyadenylation signal. This represents the ROCK2 kinase
domain alone, not full length ROCK2. Not to scale. Adapted from Samuel et al 479.
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4.1 Confirmation of ROCK activation in primary
keratinocytes
In order to investigate the impact of ROCK activation in vitro in keratinocytes, I
first wished to confirm that ROCK activation was induced by treatment with 4hydroxytamoxifen (4-HT). I therefore isolated and cultured keratinocytes from
the tail skin of ROCK:ER and control kinase dead (KD):ER mice. Following 16
hours of treatment with 4-HT or ethanol drug vehicle, I stained cells with Texas
Red-conjugated Phalloidin and utilised confocal microscopy to visualise actin
fibres. In cells with activated ROCK, these were apparent as stress fibres, while
stress fibre formation was not evident in either the KD cells treated with 4-HT or
the ROCK:ER cells treated with vehicle.
In addition, I prepared protein lysates from keratinocytes and used western blot
to determine levels of phosphorylated myosin light chain (pMLC) in response to
ROCK activation. This showed that pMLC was elevated in ROCK-activated cells
(Figure 4-3).
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A

B

C

Figure 4-3 Confirmation of ROCK activation with 4-HT treatment
A) Confocal microscopy of primary keratinocytes shows Texas Red-conjugated phalloidin staining
of actin fibres (1:500), with more intense phalloidin staining indicating increased cortical actin
and a number of K14 ROCK:ER cells demonstrating stress fibre formation. DAPI is used to stain
nuclei. B) Western blot confirms an increase in phosphorylated myosin light chain (pMLC) relative
to total myosin light chain (MLC) following ROCK activation. The membrane was probed with
antibodies against both phosphorylated myosin light chain (1:500) and total myosin light chain
(1:1000). C) Quantification of fold change of pMLC relative to ERK. n = 4. Significance
determined by unpaired t test.
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4.2 Increases in extracellular matrix protein gene
expression following ROCK activation
Having validated ROCK activation in keratinocytes, I next set out to investigate
the alterations in gene expression observed in these cells when compared with
control cells. Attempts had previously been made in the laboratory to
investigate gene expression changes in tissue derived directly from transgenic
mice treated with 4-HT; however, due to a high degree of inter-animal
variability, this approach was not felt to be viable. In order to interrogate
changes in primary cells, I again isolated and cultured primary keratinocytes,
and treated them with 4-HT or ethanol vehicle. Thereafter, I prepared RNA from
the cells, and Affymetrix gene expression microarray analysis was performed at
the Cancer Research UK facility at the Paterson Institute. The results of the
microarray were analysed by the Computational Biology Service at the Beatson
Institute, and Ingenuity® Pathway Analysis was undertaken. This identified a
number of possible networks of molecular relationships that may be contributing
to the differences observed following ROCK activation, including the “cell
movement network” (Figure 4-4). Numbering among the components of this
network were the extracellular matrix glycoproteins tenascin C (Tnc) and
thrombospondin-1 (Thbs1), and the plasminogen activator, urokinase receptor
(Plaur) (which is upregulated in cutaneous squamous skin cancer

480

, and also

functions as a high-affinity receptor for the extracellular matrix glycoprotein
vitronectin (VTN)

481

). TNC, THBS-1 and VTN are up-regulated at sites of

physiological tissue-remodelling, e.g. during wound healing; in addition, these
ECM proteins have been implicated in the permissive interplay between cancer
cells and the tumour microenvironment. Of the ECM components I had
identified, I decided to pursue investigation of TNC. This was in part due to
evidence linking the expression of TNC to alterations in mechanical properties,
and also due to the fact that TNC has been shown to be overexpressed in most
solid tumours. It is believed to participate in a number of pro-tumorigenic
processes, including:
•

Supporting the capacity of some cancer types to form a metastatic niche
446

•

Promoting epithelial-mesenchymal transition

433-435
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•

Mediating resistance to apoptosis

446,482

To validate the gene expression changes observed in the microarray, I proceeded
to carry out quantitative real-time PCR (q RT-PCR). This confirmed that ROCK
activation by 4-HT led to an increase in Tnc transcripts (Figure 4-5).

The RNA microarray data is available at the following URL:
https://docs.google.com/spreadsheets/d/1hko3Tf9E34s6fR6mJhrjA8NpVvPl82mK
SkoUcxDQsFc/edit?usp=sharing.
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Figure 4-4 Ingenuity ® Pathway Analysis: Cell movement network
Following RNA isolation from primary keratinocytes +/- ROCK activation, Affymetrix gene
expression microarray was performed. Pathway analysis shows changes in the cell movement
network following activation of ROCK in primary keratinocytes. The network analysis identifies
the upstream regulators that may be responsible for observed gene expression changes. IPA
predicts which upstream regulators are activated or inhibited to explain the upregulated and
downregulated genes. Red = upregulated; Green = downregulated. Tenascin C (Tnc),
Thrombospondin 1 (Thbs1) and plasminogen activator, urokinase receptor (Plaur) are highlighted
by *. Lines link genes with up or downstream relationships; solid line = direct relationship,
dotted line = indirect relationship.
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Figure 4-5 Increase in TNC RNA transcripts following ROCK activation of keratinocytes with
4-HT.
Replicates of paired primary keratinocytes isolated from K14 KD:ER and ROCK:ER animals,
activated for 16 hours with 4-HT in serum-free medium. Fold change of Tnc transcripts is shown
relative to 18s abundance determined by q RT-PCR. Statistical significance of differences was
determined by one-way ANOVA. n = 4.
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4.3 Validation of TNC antibody
Having decided that TNC was a target I wished to pursue in further experiments,
I next wanted to conduct studies of TNC on the protein level. In order to do so, I
set out to validate the TNC antibody by probing tissues in which I expected to
observe high levels of TNC expression. TNC is highly expressed during
embryogenesis; therefore, I prepared protein lysates from wild type (WT) mouse
embryonic fibroblasts (MEFs), and performed a western blot. This confirmed high
levels of TNC expression. In adults, physiological TNC expression is limited to
regions of the brain such as the hypothalamus, where it mediates neuron-glial
interactions. I obtained TNC knock-out (KO) mice and, along with WT mice,
dissected the brains and stained sections for TNC. This confirmed the presence
of TNC in the hypothalamus of WT mice, and its absence in the hypothalamus of
KO mice (Figure 4-6).
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A

B

Figure 4-6 TNC antibody validation: western blot and immunohistochemistry.
A) Early-passage MEFs were cultured in 6-well plates. Cells were washed and lysed with SDS lysis
buffer, and protein electrophoresis was performed. Following transfer, the membrane was
probed for TNC expression (1:500). Two bands were visible, one of 260 kDA, and a fainter band
(a probable splice variant) of 210 kDA. B) 11-month-old WT and TNC KO animals were euthanized
humanely. The spinal cords were severed, the skull removed, and the entire brain dissected en
bloc and placed in formalin. The brain was subsequently embedded in paraffin, sectioned, and
stained for TNC. TNC expression was apparent in the hypothalamus of the WT animal, but not in
that of the KO animal. Sections show whole brain, with the hypothalamus at higher magnification
(20X).
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4.4 ROCK activation leads to increased protein levels of TNC
I subsequently wished to determine if the increase I had observed in TNC RNA
transcripts was translated to the protein level following ROCK activation. To do
this, I utilised primary keratinocytes, isolated as described previously. I found
that, following treatment with 4-HT, ROCK-activated keratinocytes had higher
levels of TNC protein on western blot (Figure 4-7).
Having confirmed that TNC expression was influenced by ROCK activation, I
wished to investigate the role TNC could be playing in squamous skin cancer.
Using Oncomine®, I analysed data that revealed TNC was consistently
overexpressed in squamous skin cancer (Figure 4-8). Furthermore, there was
literature suggesting that TNC may be associated with a worse clinical prognosis
in a number of cancer types. Consequently, I decided to further investigate the
relationship between ROCK activation and TNC expression.
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B

Figure 4-7 Tenascin C protein expression is increased in ROCK-activated cells.
Primary keratinocytes were isolated, cultured, and treated with 4-HT or ethanol vehicle. Lysates
were prepared, and following protein electrophoresis and transfer, the membrane was probed
for TNC (1:500) and ERK2 (loading control; 1:1000). A) Representative western blot showing
increase in Tnc levels following treatment with 4-HT. B) Replicates of above (n = 2). Statistical
significance determined by ANOVA.
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Figure 4-8 TNC expression is increased in squamous skin cancer versus normal skin samples
Log2 median-centred TNC mRNA expression in normal versus squamous skin cancer samples from
A) Riker et al 483 and B) Nindl et al 484. Statistical significance of differences was determined by
an unpaired t-test.
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4.5 ROCK activation increases TNC expression in murine
skin in vivo
Previous work carried out in the laboratory had revealed that ROCK activation
led to an increase in skin thickness and stiffness. This work had used
phosphorylation of MYPT1 in the epidermis to confirm ROCK activation

83,479

. I

considered the possibility that TNC may be one of the components contributing
to the observed thickening, and so decided to activate ROCK in vivo, using the
K14 ROCK:ER animal model, and then examine the skin for TNC expression. In
order to do so, I used two methods: the first of these was to commence K14
KD:ER and ROCK:ER animals on a tamoxifen diet. This was an attractive
approach as it is less stressful for animals than topical or invasive (i.e.
intraperitoneal) methods, can be continued for a relatively lengthy period and in
theory should cause ubiquitous transgene expression. Age- and weight-matched
animals were fed tamoxifen diet for a period of 36 days. The animals and the
food were weighed 3 times per week to ensure that they were maintaining an
adequate nutritional status; initially, both groups experienced a degree of
weight loss. This is a common issue when using tamoxifen diet, but tends to be
overcome after approximately one week, as was the case in this experiment.
However, following stabilisation of the animals’ weight, no subsequent weight
gain was observed. At the end of the experimental period, the animals were
humanely euthanized and the back skin was dissected and placed in formalin.
Staining for haematoxylin and eosin (H&E), and TNC did not reveal any
difference between the two groups. I suspected that this may reflect inadequate
intake or reduced oral absorption due to the absence of weight gain, and
therefore I considered an alternative approach, namely the topical application
of 4-HT directly to the ear skin of K14 KD:ER and ROCK:ER mice. Six KD mice and
five ROCK mice were treated, and 500 µg was applied to each ear daily for 21
days. Subsequently, the animals were humanely euthanized, and the ears were
removed and placed in formalin, before being embedded in paraffin, sectioned
and stained for H&E and TNC. In the ROCK-activated animals, I noted a
substantial increase in TNC deposition in the junction between the epidermis
and dermis (Figure 4-9).
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Figure 4-9 Increased TNC staining is localised to sites of cell-cell adhesion following ROCKactivation in keratinocytes.
K14 KD:ER and K14 ROCK:ER animals were treated with topical 4-HT for 36 days. At the
completion of treatment, animals were humanely euthanized and the ears were processed at the
Beatson Institute core histology facility. TNC staining was negligible in the KD:ER animals;
distinct TNC staining was apparent at the sites of cell-cell adhesion in the ROCK:ER animals.
Representative examples from one KD and one ROCK animal; total numbers, 6 KD:ER and 5
ROCK:ER animals.
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4.5.1 ROCK activation in a tumorigenic model increases TNC
deposition
In order to further investigate the interaction between ROCK activation and TNC
expression in the context of malignancy, a collaboration was established
between our laboratory and the laboratory of Dr David Greenhalgh in the
Department of Dermatology, University of Glasgow, with a contribution by Ms
Siti Masre, who established the crosses between genetically modified animal
models and performed the application of topical 4-HT at the University of
Glasgow animal facility. This involved animal models expressing various
oncogenic driver mutations and loss of tumour suppressor genes, in isolation and
in combination, including epidermis-specific expression of c-fos, H-RAS
mutation, and PTEN deletion (PTENnull). These tumour models were crossed with
the K14 ROCK:ER model, and ROCK was activated by application of topical 4-HT.
A comparison was made between the RAS/c-fos/PTENnull animals with and
without ROCK:ER expression. Most animals, regardless of ROCK activation,
developed papillomas following treatment with 4-HT for 8-10 weeks. However,
following 13 weeks of 4-HT application, the animals expressing ROCK:ER
exhibited malignant conversion and were observed to develop foci of squamous
skin cancer. On obtaining sections from the malignant tumours, I carried out TNC
staining and found a significant upregulation of TNC expression in the mutant
RAS plus ROCK specimens (Figure 4-10). Rho has been shown to act downstream
of RAS in transformed fibroblasts, relaying proliferative signals

485

. In murine

models expressing oncogenic RAS and conditionally active ROCK, papillomas
expressed low levels of TNC. Following malignant conversion to squamous cell
cancers, which occurred only in ROCK-activated animals, TNC expression
increased. The implication may be that, through the increased proliferation and
cytoskeletal tension seen through RAS/ROCK co-operation, deposition of
tumorigenic ECM components occurs.
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Figure 4-10 Increased TNC staining in a tumorigenic animal model with concurrent ROCKactivation.
Animals expressing mutant RAS in the epidermis were crossed with K14 ROCK:ER animals. ROCK
activation was achieved by topical application of 4-HT for 13 weeks, and specimens of skin
bearing papillomas with foci of malignant conversion were subsequently blocked, sectioned and
stained for TNC. A significant increase in TNC deposition at the sites of cell-cell adhesion was
observed in these animals compared with animals in which mutant RAS alone was present. The
top panels show sections from animals expressing RAS treated with topical 4-HT. The lower
panels show sections from animals expressing RAS and the ROCK:ER transgene treated with 4-HT.
Scale bars represent 100 µm. Red arrows indicate the epidermal-dermal junction.
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4.6 Investigating TGFβ as a contributing factor to ROCKinduced epidermal stiffening and thickening
As had previously been noted, ROCK activation was seen to increase stiffness and
thickness of the epidermis through collagen and extracellular matrix deposition.
This bears similarities to the process of fibrosis (an excess of connective tissue),
which is observed:
304

•

during wound healing (scar formation)

•

in rheumatological conditions such as systemic sclerosis (a multi-system
autoimmune disorder characterised by the pathological accumulation of
collagen)486

•

within the tumour microenvironment in some cancer types (through the
activation of cancer-associated fibroblasts)

312

.

Keratinocytes and fibroblasts are known to interact in a number of ways, and it
has been shown that fibroblasts can become activated to myofibroblasts through
signalling

pathways

initiated

by

keratinocytes.

In

particular,

increased

mechanical tension and transforming growth factor beta (TGFβ) activity are
known to cause differentiation to a myofibroblast phenotype. These cells then
have the capacity to synthesise collagen and other ECM components, leading to
deposition of fibrotic tissue.

4.6.1 Investigating endogenous TGFβ levels
As I had observed that TNC expression appeared to be predominantly within the
junction between the epidermis and dermis, I hypothesised that the
keratinocytes within the epidermis may be prompting the dermal fibroblasts to
produce TNC, along with other ECM components. I decided to investigate if ROCK
activation, in addition to altering the mechanical tension of cells, may be
contributing to TGFβ signalling. In order to do so, I performed quantitative RTPCR on cDNA prepared from ROCK activated keratinocytes with primers for Tgfb.
This showed an increase in Tgfb transcripts following ROCK activation (Figure 411).
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Figure 4-11 Increase in TGFβ transcripts following ROCK activation
RT-PCR (from 3 paired experiments) shows a statistically significant increase in TGFβ transcripts
following ROCK activation in primary keratinocytes.
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Subsequently, I isolated and cultured 3 pairs of primary keratinocytes from K14
KD:ER and ROCK:ER mice (the same type of cells and using the same technique
as previously described). Following ROCK activation with 4-HT for 16 hours, I
harvested the medium from the cells and, after using hydrochloric acid to
activate latent TGFβ, went on to perform an enzyme-linked immunosorbent
assay (ELISA). This did not show an increase in TGFβ1 levels in the ROCKactivated supernatant. However, I considered that this may be a consequence of
culturing keratinocytes in isolation; I therefore attempted to develop a robust
co-culture system to determine the impact of ROCK activation in keratinocytes
on fibroblasts.
I initially adopted a “hanging drop” technique, in which primary keratinocytes
were dyed and mixed with NIH3T3 fibroblasts and grown in a drop suspended
from the lid of a cell culture dish. Unfortunately, it was not possible to maintain
the viability of the primary cells in this context.
I went on to work with an NIH3T3 fibroblast cell line that had been stably
transfected with a TGFβ reporter plasmid. This was a kind gift of Dr Gareth
Inman, University of Dundee, Division of Cancer Research. Upon exposure to
TGFβ, luciferase expression was induced and could be quantified on a
luminometer. I first wanted to determine the sensitivity of the cell line;
therefore, using recombinant human TGFβ (Peprotech), I established that the
bioassay had a range of responsiveness from 50 pg/ml to 500 pg/ml (Figure 412). Thereafter, I cultured primary keratinocytes and reporter fibroblasts,
activated ROCK in the keratinocytes, and carried out a luciferase reporter assay.
No difference was apparent between co-cultured cells with or without ROCK
activation, possibly as it was not feasible to activate latent TGFβ in a living cell
system (Figure 4-13).
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Figure 4-12 The TGFβ bioassay has a range of responsiveness from 50 pg/ml to 500 pg/ml.
NIH3T3 fibroblasts had been selected to stably express a TGFβ reporter. Serum-free medium
with increasing concentrations of recombinant TGFβ was added to the cells in a 24-well plate,
and the cells were cultured at 37 °C overnight. Thereafter, a luciferase reporter assay was
performed, and the read-out determined on a luminometer. At a concentration of 20 pg/ml,
TGFβ activity was not detectable. At concentrations above 500 pg/ml, there was no doseresponse relationship. The sensitivity range was therefore determined to be 50 pg/ml to 500
pg/ml.
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Figure 4-13 No increase in TGFβ is detected following ROCK activation of primary
keratinocytes using a fibroblast reporter system
Reporter NIH3T3 cells were established in culture. The following day primary ROCK:ER or KD
keratinocytes were added to the fibroblast culture, and subsequently treated with 4-HT or
vehicle. Thereafter a reporter luciferase assay was performed on the medium. Luminometer
values are plotted, corrected for protein concentration. No statistically significant difference
was apparent between each condition. n = 2.
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4.6.2 Using exogenous TGFβ to investigate effects on the actin
cytoskeleton and the extracellular matrix
As there appeared to be inherent difficulties in determining the part played by
endogenous TGFβ in the observed changes in epidermal composition, I elected to
delineate the effect of adding exogenous recombinant TGFβ (rTGFβ) to cells. I
serum starved parental NIH3T3 fibroblasts and added rTGFβ at a range of
concentrations (500 pg/ml to 10 ng/ml) for 16 hours. I subsequently prepared
protein lysates, and following protein electrophoresis I probed the membrane
with antibody against pMLC. This confirmed that at a dose of 10 ng/ml there was
an increase in pMLC, indicating that TGFβ also impacts turnover of the actin
cytoskeleton (Figure 4-12).
I went on to determine if there was an additive effect of activating ROCK and
treating cells with rTGFβ. To do this, I used NIH3T3 fibroblasts expressing KD:ER
or ROCK:ER transgenes, and added 4-HT alone, rTGFβ alone, and both
treatments together. Cell lysates were again prepared, and I carried out a
western blot, probing for TNC and pMLC. This confirmed that the greatest
increase in both pMLC and TNC was seen in those cells treated with rTGFβ
concurrent with ROCK activation (Figure 4-13). This suggested that both cellular
mechanical tension and TGFβ are participants in determining ECM component
production, with a cumulative effect when both factors are present.
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B

Figure 4-14 Phosphorylation of myosin light chain is increased following treatment with
rTGFβ
A) Representative western blot of NIH3T3 fibroblasts treated with rTGFβ showing a dosedependent increase in pMLC. Parental NIH3T3 fibroblasts were plated at 1x105 cells per well of a
24-well plate. 24 hours later, serum-free medium was added with increasing concentrations of
rTGFβ (200 pg/ml, 1 ng/ml, 2 ng/ml, 5 ng/ml, 10 ng/ml). Cells were cultured at 37 °C for 24
hours, and protein lysates were made. The membrane was probed with pMLC antibody (1:500);
ERK2 served as a loading control(1:1000). B) Quantification of western blots, showing the fold
change in pMLC relative to ERK2 levels; n = 2. One-way ANOVA p = 0.0017.
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Figure 4-15 ROCK activation and TGFβ combine to increase pMLC and TNC expression
A) Representative western blot of NIH3T3 fibroblasts +/- ROCK activation and +/- TGFβ. NIH3T3
cells stably expressing the ROCK:ER or KD:ER transgene were plated at 3x105 cells per well of a
6-well plate. 12 hours later, cells were washed with PBS, and serum-free medium plus 4-HT (1
µM)/ethanol vehicle +/- TGFβ (10 ng/ml) was added. Cells were incubated at 37 °C for 16 hours
before lysates were prepared. The membrane was probed with antibodies against TNC (1:500)
and pMLC (1:500), and ERK2 (1:1000) served as a loading control. The highest levels of TNC and
pMLC were observed in ROCK-activated cells treated with TGFβ. B) Quantification of western
blots, showing the fold change in TNC relative to ERK2 levels; n = 3. NS
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4.7 Regulation of TNC expression
I undertook further review of the literature, which revealed that TNC is
regulated by megakaryoblastic leukaemia 1 (MKL1; also known as myocardinrelated transcription factor A (MRTFA)), a member of the myocardin-related
transcription factor family. MKL1 interacts with serum response factor (SRF) to
activate transcription of genes with serum response element (SRE)-containing
promoters. In turn, MKL1 is regulated through its interaction with actin,
remaining localised within the cytoplasm in association with G-actin when
unstimulated, and translocating to the nucleus when the balance shifts towards
F-actin production.
As a consequence, I sought to determine if ROCK transgene activation would
cause MKL1 to accumulate within the nucleus and thus, by implication, induce
TNC expression. To do so, I initially plated NIH3T3 ROCK:ER fibroblasts and
activated ROCK with 4-HT for 16 hours; subsequently, I prepared nuclear and
cytoplasmic

extracts,

using

the

Thermoscientific

NE-PER

Nuclear

and

Cytoplasmic Extraction kit. I went on to perform a western blot, probing for
MKL1 in the nucleus (using Lamin A/C antibody to ensure that the extracts were
entirely nuclear in origin) and in the cytoplasm (with GAPDH antibody to
determine that extracts were cytoplasmic). I did not detect a discernible
difference in MKL1 levels following ROCK activation; I hypothesised that this may
have been as consequence of culturing the cells on a stiff (i.e. nonphysiologically representative) surface. To further evaluate this, I plated NIH3T3
ROCK:ER fibroblasts on glass coverslips and activated ROCK with 4-HT for 16
hours before fixing and permeabilising cells, then probing with anti-MRTFA
antibody (1:50 for 1 hour at room temperature; Santa Cruz). The cells were
subsequently visualised on a Zeiss 710 upright confocal microscope. I felt that
those ROCK-activated fibroblasts that exhibited marked stress fibre formation
possibly demonstrated greater levels of perinuclear MRTFA staining, while
vehicle treated cells showed predominantly cytoplasmic staining (Figure 4-14).
The data are not sufficiently convincing to draw any conclusions, but this could
be an area worthy of further investigation.

161

Figure 4-16 Perinuclear localisation of MKL1 following ROCK activation.
Representative immunofluorescence confocal images of serum-starved ROCK:ER NIH3T3
fibroblasts treated with 4-HT or ethanol vehicle and stained for F-actin (left panels) and MKL1
(centre panels). Cellular nuclei, stained with DAPI, are shown in blue in the merged images (right
panels). Scale bars represent 20 µm. After plating on glass coverslips, cells were serum-starved
and treated with 4-HT or ethanol vehicle for 16 hours, then fixed and stained as described
previously. Confocal images were obtained using a Zeiss 710 upright confocal microscope. ROCKactivated cells with prominent stress fibre formation show possible localisation of MKL1 around
the nucleus.
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Next, to look specifically at the effect of ROCK activation on SRE, I obtained a
plasmid construct: SRE fused to a secreted alkaline phosphatase (SEAP) reporter.
This was a kind gift of Professor Ruth Chiquet-Ehrismann, Friedrich Miescher
Institute for Biomedical Research, Basel. I transfected the plasmid into NIH3T3
cells with the KD:ER and ROCK:ER transgenes using Lipofectamine 2000, and
following 16 hours of serum-starvation and treatment with 4-HT or ethanol
vehicle, I determined the level of SEAP in the culture supernatant. In parallel, I
transfected identical cells with secreted Metridia luciferase construct, to ensure
transfection efficiency. I found there was a non-significant > 2-fold increase in
SEAP activity in ROCK-activated cells compared with vehicle-treated or KD cells;
Metridia luciferase activity remained relatively constant across all conditions
(Figure 4-15). These results confirmed that SRE and MKL1 localisation are
influenced by ROCK activation; this is borne out by the knowledge that Rho
family members upregulate SRE gene expression

487

.
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Figure 4-17 ROCK activation causes an increase in SRE-SEAP activity
NIH3T3 fibroblasts stably expressing the KD:ER or ROCK:ER transgene were transiently
transfected with A) Metridia secreted luciferase plasmid or B) SRE-SEAP plasmid, then cultured
in serum-free medium with 4-HT or ethanol vehicle for 16 hours. Luciferase reporter assay
showed no difference following ROCK activation; SRE-SEAP levels were increased following ROCK
activation. Results shown are for 4 independent experiments; the increase in SRE-SEAP following
ROCK activation did not reach statistical significance (determined by unpaired t-test. p=0.071).
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4.8 Altering the stiffness of the cell culture substrate
impacts cell behaviour
Having observed that TGFβ was capable of enhancing the effect of ROCK
activation in terms of ECM component production, I next wished to investigate
the impact of altering the tension of the surface that cells are cultured upon.
In order to perform these experiments, I obtained Excellness® biomimetic tissue
culture plates of differing levels of stiffness, to replicate a physiological cellular
environment. I chose to use 2 kPa plates, with a surface approximately
analogous to fat or brain tissue, denoted “soft”, and 30 kPa plates, representing
intestinal tissue, denoted “medium”. In addition, I used conventional plastic
tissue culture dishes which, with a stiffness of >10,000 kPa are most similar to
mammalian bone, and are denoted “hard”.

4.8.1 Levels of myosin light chain phosphorylation are increased in
cells cultured on stiffer surfaces
First, I wanted to investigate whether simply culturing cells on a stiffer surface
would be sufficient to promote an increase in phosphorylation of myosin light
chain. To do this, I plated parental NIH3T3 fibroblasts at 1 x 105 cells in 3 cm
dishes of differing stiffness for 24 hours. Subsequently, I used SDS lysis buffer to
prepare protein lysates. Due to the nature of the soft polymer surface, it was
not possible to use traditional cell scrapers; therefore, a pipette tip was used to
lyse cells and transfer them to a column to undergo homogenisation. Thereafter,
the protein concentration was determined, and the samples were run on a
gradient gel. Following transfer, the membrane was probed with antibody
against pMLC. This revealed that a consistently higher level of pMLC was seen in
cells plated on a stiff surface when compared with those cultured on a softer
substrate (Figure 4-16 A, B).

4.8.2 ROCK activation and stiff culture substrate have a cumulative
effect
Next, I wanted to determine the effect of combining ROCK activation with
culturing cells on a stiffer surface. This was an effort to replicate the
cytoskeletal alterations a cell experiences when maintaining force equilibrium in
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response to increasing external tension. I plated NIH3T3 cells with the ROCK:ER
transgene stably expressed on both Excellness® plates (2 kPa and 30 kPa) and
conventional tissue culture plates (>10,000 kPa). 24 hours after seeding, the
cells were treated with serum-free medium containing 4-HT or ethanol vehicle
for 16 hours. Subsequently, I prepared protein lysates and performed a western
blot. This confirmed that, in cells plated on a stiff surface, ROCK activation had
an additive effect, with the greatest level of pMLC observed in these conditions
(Figure 4-16 C).
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A

B

C

Figure 4-18 Cells grown on stiff culture substrates have increased levels of pMLC.
A) Representative western blot of parental NIH3T3 fibroblasts cultured on hard (conventional
tissue culture plastic; >10,000 kPa), medium (30 kPa), and soft (2 kPa), substrates for 24 hours.
Protein lysates were prepared and western blot carried out, showing that levels of pMLC were
significantly higher in those cells cultured on the stiff substrate than those cultured on softer
substrates. B) Graph of replicates showing quantification of fold change relative to loading
control (ERK2); n=3. C) The experiment was repeated with NIH3T3 ROCK:ER fibroblasts; 4-HT or
ethanol vehicle was added to serum-free medium on cells for 16 hours prior to harvesting protein
lysates. The increase in pMLC was greatest in those cells in which ROCK activation occurred in
the context of culture on a stiff surface. Endogenous ROCK acted as a loading control (1:1000).
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4.8.3 The impact of differing levels of stiffness on TNC expression
The relationship between differing levels of stiffness, ROCK activation and TNC
expression was less clear-cut, with a degree of variability between experiments.
Taking this into account, I queried whether using rTGFβ to treat cells on
different substrates would enable subtle alterations in TNC expression to be
more accurately determined. To do this, I plated parental NIH3T3 fibroblasts on
different substrates (soft, medium and hard) and after 24 hours added serumfree medium +/- rTGFβ. TNC levels were higher (as determined by western blot)
in cells treated with rTGFβ on all surfaces, but the greatest increase was
observed in treated cells on a stiff surface (Figure 4-17). Thus, I concluded that
a relationship exists between intra- and extracellular tension, TGFβ, and
synthesis of ECM components.
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B

Figure 4-19 TNC expression is highest in cells plated on a stiff substrate and treated with
rTGFβ
A) Representative western blot showing increased levels of TNC in cells plated on a stiff
substrate and treated with TGFβ. NIH3T3 fibroblasts were plated on soft, medium and hard
substrates (as previous) and treated with rTGFβ for 16 hours. Subsequently, protein lysates were
prepared and a western blot carried out to determine TNC levels. ERK2 was probed as a loading
control. B) Quantification of fold change in TNC determined from 3 replicates of the experiment.
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4.9 The transition from fibroblast to myofibroblast is
triggered by alterations in the actin cytoskeleton
Next, I wanted to investigate the mechanism by which cells were producing ECM
components.

Evidence

suggests

that

the

activation

of

fibroblasts

to

myofibroblasts leads to the adoption of a pro-fibrotic phenotype; cells
consequently exhibit enhanced secretory and contractile properties. α smooth
muscle actin (α SMA) is the classic marker of myofibroblast activity, and can be
used to illustrate the transition from quiescent fibroblast to activated cell. I
therefore considered if the factors I had been investigating (1. cytoskeletal
remodelling through intrinsic ROCK activation; 2. TGFβ stimulation of cells; and
3. altering the stiffness of cell culture substrates) could, in isolation and/or
combination be prompting the development of myofibroblasts and consequent
production of TNC. I therefore used antibody raised against α SMA to investigate
this. I found that ROCK activation in/TGFβ treatment of cells plated on a soft or
medium surface was sufficient to drive an increase in α SMA expression.
However, cells plated on a stiff substrate displayed baseline higher levels of α
SMA, with no discernible increase following ROCK activation (Figure 4-18) or
TGFβ

exposure (Figure 4-19). This reinforces the integral role the cellular

environment plays, illustrating that elements that affect the actin cytoskeleton
have a different impact depending on the context in which the cell exists.
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Figure 4-20 α SMA expression varies with substrate stiffness and ROCK activation
A) Representative western blot showing increased α SMA in ROCK-activated cells on a soft or
medium stiffness substrate, and in all cells (+/- ROCK activation) plated on a stiff substrate.
NIH3T3 fibroblasts expressing the KD:ER or ROCK:ER transgene were plated on soft, medium, and
hard surfaces at a concentration of 1x105 cells per plate, and treated with 4-HT(1 µM) or ethanol
vehicle in serum-free medium for 16 hours. Protein lysates were prepared and, following gel
electrophoresis and transfer, the membrane was probed with antibody against α SMA (1:200).
Lamin B antibody was used as a loading control (1:500). B) Fold change in α SMA levels (relative
to Lamin B; fold change in arbitrary units).
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Figure 4-21 α SMA expression varies with substrate stiffness and TGFβ treatment
A) Representative western blot showing increased α SMA in TGFβ-treated cells on a medium
stiffness substrate, and in cells plated on a stiff substrate regardless of TGFβ exposure. Parental
NIH3T3 fibroblasts were plated at 1x105 cells per plate for 24 hours, before washing and adding
serum-free medium +/- rTGFβ (10 ng/ml). Western blot was performed on protein lysates, and
the membrane was subsequently probed with α SMA antibody (1:200). Lamin B was probed as a
loading control (1:500). B) Quantification of the fold change in α SMA in TGFβ treated cells (n =
2).
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4.10 Summary
In summary, the results presented in this chapter show that:
•

ROCK activation in primary keratinocytes leads to increased ECM
component expression

•

TNC is one of these components

•

ROCK activation in vivo also leads to increased TNC deposition in the
epidermis and dermis of GM mice

•

This effect is enhanced in a tumorigenic animal model with mutant RAS
and ROCK activation

•

A synergistic effect is observed between increased substrate stiffness,
ROCK activation and exogenous TGFβ, suggesting a potential positive
feedback cycle that may drive the transition of fibroblast to CAFs
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5 RNA sequencing of ROCK-activated versus
control epidermal keratinocytes
I undertook RNA sequencing in order to verify and expand on the results
garnered

by

carrying

out

the

ROCK-activated

keratinocyte

microarray

experiments.

5.1 RNA quality control assessment
As previously described, I isolated primary keratinocytes from epidermis taken
from the tails of K14 ROCK:ER mice; once established in culture, the cells were
treated with 4-HT or ethanol vehicle for 16 hours. Thereafter, RNA was isolated
from the cells and a quality control check was performed using the Agilent
Bioanalyzer 2100. This assigns an RNA integrity number (RIN) to each sample,
with 10 corresponding to a pure, non-degraded sample and 1 corresponding to a
completely degraded sample. It is recommended that samples with an RIN of less
than 7 are not utilised in experiments. This confirmed that the RNA was of
sufficient quality to proceed to sequencing (Figure 5-1).
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Figure 5-1 Agilent Bioanalyzer 2100 RNA read-out
Results from analysis of RNA isolated from primary keratinocytes confirmed that samples were
sufficiently intact to proceed to further interrogation (RIN values ranging from 7.90 to 9.10).
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5.2 RNA sequencing
Having confirmed that the RNA was of adequate integrity, RNA sequencing was
performed on the Illumina® NextSeq 500 platform. This revealed alterations in
gene expression in those cells treated with 4-HT when compared with cells
treated with vehicle (Figure 5-2).
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Figure 5-2 RNA sequencing heat map
Data analysis of RNA sequencing output confirms that genes are differentially expressed in
keratinocytes with ROCK activation compared to those in which ROCK is not activated. The left
hand columns (RV1, RV2 and RV3) represent three replicate experiments of cells treated with
ethanol vehicle, while the right hand columns (RT1, RT2 and RT3) represent three replicate
experiments of cells treated with 4-HT. Heat map generated by Gabriela Kalna, Computational
Biology Department, CRUK Beatson Institute.
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A number of common pathways and networks were found to demonstrate
different expression levels. Those genes with biological functions related to
cancer showed the most frequent alterations (Table 5-1), while genes belonging
to the “connective tissue” and “cell-to-cell signalling/cellular growth and
proliferation” networks also displayed aberrant expression (Table 5-2).
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B

Table 5-1 RNA sequencing data analysis (biological functions)
Interrogation of RNA sequencing data shows that genes with specific biological functions more
frequently display altered expression levels.
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Table 5-2 RNA sequencing data analysis (networks)
Genes that participate in networks related to connective tissue disorders, developmental
disorders, and cell-to-cell signalling demonstrated a greater degree of discordance between
those cells with and without ROCK activation.
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6 Lifeact GFP enables live cell imaging of dynamic
alterations in the actin cytoskeleton
“Lifeact” is a 17-amino-acid peptide fused to GFP that is able to bind to F-actin,
yet does not corrupt normal cellular behaviour. It displays selective, low-affinity
binding to actin structures, permitting direct visualisation of the actin
cytoskeleton

488

. Transgenic mice expressing Lifeact have been generated to

permit the study of actin structures in primary cells and animal models

489

.

Transgenic mice that express Lifeact fused to GFP had been generated by the
Beatson Institute transgenic facility. This had been achieved through use of
pROSA26, a generic targeting vector, which was used in association with pBigT to
target the ROSA locus. The Lifeact GFP was sub-cloned into the pBigT vector;
subsequently, a larger fragment from pBigT was placed into the pROSA26 vector.
The final step involved the extraction of the targeting sequence and insertion
into the mouse genome. Using a Deleter Cre mouse, I established matings that
produced progeny displaying ubiquitous Lifeact GFP expression. Initially I
ensured that mice were expressing Lifeact GFP with the IVIS® Spectrum in vivo
imaging system (Figure 6-1); thereafter I used GFP goggles to confirm
expression, with GFP being detected primarily in the murine tail and feet.
I subsequently bred the Lifeact GFP animals with K14 ROCK:ER and K14 KD:ER
mice, ultimately to derive homozygous ROCK/KD animals with global Lifeact GFP
expression. Thereafter, I isolated epidermal tail keratinocytes as previously
described, and established the cells in culture. Following treatment with 4-HT, I
captured live time-lapse imaging of the cells using a Nikon Eclipse Ti microscope
(Figure 6-2). This proved to be a useful method to visualise dynamic alterations
in the cytoskeleton in live cells, and is a technique that can hopefully be utilised
further in the future. The hypothesis being tested was that deriving animals with
conditional ROCK expression and Lifeact GFP expression would enable the direct
visualisation of altered live cell behaviour in real time. I anticipated that,
following ROCK activation, the keratinocytes would display greater levels of
motility and enhanced proliferation; I did not have sufficient time to test this
adequately.
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Figure 6-1 IVIS® Spectrum in vivo imaging system confirms Lifact GFP expression
The IVIS® imaging system permits live imaging of animals to ensure GFP expression. On the left
is a Lifeact GFP mouse, with GFP evident in the feet and nose. On the right is a control mouse
with no GFP expression evident.
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Figure 6-2 Lifeact GFP primary keratinocytes
Representative images of primary keratinocytes isolated from the epidermis of Lifeact
GFP/ROCK:ER animals. The panel on the left shows cells visualised by fluorescent microscopy;
the panel on the right shows the same cells under bright field microscopy. Images taken at 10X
magnification.
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7 Discussion
7.1 LIMK expression in colorectal cancer
7.1.1 Loss of LIMK in colorectal cancer versus other tumour types
The prevailing school of thought has long been that constituents of the RhoROCK pathway tend to be upregulated in cancer, due to their role in promoting
cell motility. LIM kinase expression has been noted to be elevated in several
cancer types, and shown to participate in tumour cell proliferation and invasion.
Breast cancer cell lines expressing LIM kinase 1 demonstrate a proliferative,
107

invasive phenotype with enhanced angiogenesis in vitro

, while increased

expression of LIMK1 in breast tumour xenografts promotes tumour growth

490

.A

tumour-promoting role for the LIM kinases has also been identified in prostate
cancer

108,491

. Furthermore, knockdown or inhibition of LIMK has been shown to

reduce pancreatic cancer progression

110,492

.

The assumption had been that, in the majority of cancer types, LIMK expression
would directly correlate with the degree of invasiveness and aggression.
However, when the role of actin cytoskeleton pathway members is examined
out-with the conceptual framework of cell motility, it becomes clear that they
participate in a range of other processes; indeed, the relative balance of the
components may be the determinant of the metastatic potential of a cancer
cell.
In response to cellular stress, such as ionising radiation or doxorubicin (a DNAdamaging chemotherapeutic agent that exerts a cytotoxic effect through
intercalating DNA and binding to topoisomerase I and II)
pathway is activated

111

493

, the Rho-ROCK-LIMK

. LIMK2 has previously been identified as a p53-

responsive gene, and further studies have confirmed that LIMK2 is a direct p53
target

111,112

. In turn, loss of LIMK2 through knockdown or inhibition results in

G2/M arrest when cells receive a genotoxic insult. Ultimately, it was shown that
loss of LIMK2 increases the sensitivity of cells to apoptosis through DNA-damage
pathways. These findings are compatible with the knowledge that LIMK2
regulates microtubule and spindle dynamics during mitosis

494

. The implication is

that, in the context of colorectal cancer, where intestinal stem cells serve as
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the cell of origin, silencing of LIMK through hypermethylation relieves
constraints on gastrointestinal stem cell proliferation, thus facilitating
tumorigenesis and tumour propagation.
There is evidence that downregulation of LIMK1 via diallyl disulphide compounds
inhibits the migration and invasion of human CRC cell lines

495

, thus highlighting

the apparent disparate roles of LIMK1 and LIMK2 in the context of cancer. This
should be borne in mind when considering the nuances of alterations in actin
cytoskeleton pathway members and dynamics.

7.1.2 Prognostic and predictive factors in CRC
At present, a number of factors have been identified as prognostic and
predictive markers of outcome in early stage CRC. These include pathological
findings such as TNM staging, tumour perforation, degree of tumour
differentiation and presence of lymphatic or vascular invasion

496

, and evidence

of pre-operative systemic inflammation (based on elevated serum C-reactive
protein and/or hypoalbuminaemia)

497

.

In advanced disease (inoperable locally advanced or metastatic), the presence of
KRAS or BRAF mutations is deemed to be a negative prognostic indicator and is
also predictive of a lack of response to EGFR inhibitor therapy such as cetuximab
163,498

The

.
ability

to

more

accurately

stratify

patients

by

their

risk

of

relapse/recurrence is a goal that has long been sought. It is becoming
increasingly evident that CRC is a group of distinct entities, with some patients
destined to have poor outcomes despite optimal adjuvant therapy, and some in
whom the disease would be cured by surgery alone with no need to suffer the
toxicities associated with systemic chemotherapy. Loss of LIMK2 is associated
with poorer clinical outcomes; this could translate as a prospective prognostic
biomarker, potentially being utilised as a method to determine which patients
would derive the greatest benefit from adjuvant systemic treatment following
surgical resection.
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Furthermore, as loss of LIMK2 appears to play a pro-apoptotic role following
treatment with DNA-damaging agents such as doxorubicin

111

, this may influence

the choice of cytotoxic agent used in the context of colorectal tumours with
reduced LIMK2 expression. In addition, LIMK2 inhibition also appears to sensitise
cells to a number of other compounds. These include Aurora A inhibitors, which
synergise with shRNA-mediated silencing of LIMK2 to promote cell death

499

, and

RAS inhibitors, which co-operate with LIMK inhibition to reduce cell proliferation
500

. This could have future implications for the development of targeted,

personalised cancer treatments for individual patients.

7.1.3 Mouse models of colorectal cancer
As stated in the CRC epigenetics section, an effect was noted in the AOM-DSS
CRC model when LIMK2 was absent. The model I utilised (KRAS G12D mutant,
APC mutant heterozygous) has a high propensity to malignant conversion, and
therefore the effect of Limk2 knock out was insufficient to produce a detectable
difference. Apc mutant heterozygous mice, without KRAS mutation, are a good
model for studying early events in CRC

501

, and would possibly be appropriate for

further investigation of the effect of Limk2 loss.

7.1.4 Epigenetic manipulation in colorectal cancer
It has been shown that DNA hypomethylation inhibits intestinal tumorigenesis

502

,

consistent with my finding that hypermethylation, with consequent LIMK2
repression, accelerates colonic tumour progression. Treatment with DNMT
503

inhibitors has been evaluated to a degree in CRC

, where it was shown that

DNMT inhibition potentiated the effects of standard cytotoxics on human CRC
cell lines. The strategy of combining epigenetic therapies (including DNMT
inhibitors

and

deacetylase

inhibitors)

with

targeted

therapies

and

chemotherapeutic agents in the treatment of solid tumours is one that is being
continually evaluated in early phase clinical trials

504

. The knowledge that LIMK2

is hypermethylated could prove valuable in developing a predictive biomarker in
CRC patients treated with epigenetic therapies.
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7.2 Tumour microenvironment
I found that activating ROCK, and thus promoting actin stress fibre formation,
led to the synthesis and deposition of ECM components, including TNC. As the
density of the ECM increases, so does the mechanical tension within the stromal
compartment and, as I showed in fibroblasts cultured on stiffer substrates, this
alters the cellular phenotype to a more contractile myofibroblast, capable of
depositing further ECM glycoproteins. This work was performed in a nonmalignant context, but there is evidently considerable overlap between the
alterations observed in benign fibrotic conditions and malignant desmoplastic
tumour stroma. Certainly, ROCK inhibition has been evaluated and found to be
effective in the reduction of hepatic fibrosis

505

and pulmonary fibrosis

506

. In the

context of pancreatic ductal adenocarcinoma, a tumour type classically
associated with desmoplasia and thus poor cytotoxic penetrance, ROCK
inhibition has been utilised and found to reduce tumour collagen content
(Whatcott Cancer Res 2012 (AACR abstract)). While other constituents of the
stroma were not examined in this study, the question is raised: would ROCK
inhibition reduce the TNC content of desmoplastic stroma? As previously
outlined, a clear relationship exists between TNC and cancer progression; it
would therefore be interesting to investigate the impact of ROCK inhibition on
the TNC content of the tumour stroma and consequent tumour susceptibility to
chemotherapeutic agents. It must be borne in mind that this work would need to
be replicated in the cancer context to determine if the effects seen in fibroticlike tissue are reproduced.
TNC knock out mice have been examined in cancer models, including the
polyomavirus middle T breast cancer model

507

. It was found that the TNC null

tumours formed smaller “nests”, and the architecture of the stromal
compartment was altered, with a significantly higher degree of immune cell
(macrophage and monocyte) infiltration. This observation is of particular
significance, given recent developments in the arena of cancer immunotherapy.
It has been shown that stimulating the immune system, either through inhibition
of the programmed death 1 (PD1) pathway or blockade of cytotoxic Tlymphocyte protein 4 (CTLA4), produces impressive responses in multiple tumour
types, including melanoma, renal cancer and non-small cell lung cancer

508

.

There appears to be a correlation between patients with pre-existing cellular
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immune responses and degree and duration of tumour shrinkage

509

. The

knowledge that ROCK inhibition may reduce stromal TNC and permit a greater
number of immune cells to enter the tumour microenvironment could be utilised
to enhance the effectiveness of immunotherapies in those patients who have
mounted an inadequate innate immune response. As previously outlined, TNC
also appears to function in both cancer and wound healing through the induction
of pro-inflammatory cytokines and immune cell modulation. It may be that the
balance of differing immune cells present in the tumour stroma is under the
influence of TNC, and can impact on host-environment responses. As headway
continues to be made with implementing immunotherapy in clinical practice,
more information will be gathered regarding this possibility.
Recent work has found that K14 ROCK:ER mice display accelerated woundhealing with an associated increase in collage, periostin and TNC deposition
when compared with K14 KD:ER mice

510

, Interestingly, the authors sought the

presence of TNC in unwounded skin of WT animals and animals deficient in 14-33ζ (a member of a family of phosphor-serine binding proteins; these mice also
display rapid wound-healing). While they found that TNC was not detectable in
unwounded skin, this was not examined in the ROCK-activated animals. I did not
carry out any epidermal wounding studies, but it seems feasible that woundhealing in the context of ROCK-activation would indeed lead to higher levels of
TNC deposition.

7.2.1 Gene expression: microarray versus RNA sequencing
There is a vast diversity of RNA expression from the genome; the transcriptome
is dynamic, altering as a result of alternative splicing, post-transcriptional
modifications, gene fusion, mutations, and changes in gene expression

511

.

Gene expression microarrays utilise probes that target a specific sequence
within an mRNA transcript of interest, producing a record of genes that are
actively expressed at a unique time-point. Microarrays have the capacity to
concurrently investigate over 10,000 transcripts, permitting identification of
genes with differential expression levels in healthy versus diseased tissues,
evolutionary

changes

in

gene

regulation

within

disparate

species,

pharmacogenomic profiling and interrogation of developmental processes

512

.
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Gene expression microarrays have tended to be a widely utilised approach due
to their affordability and accessibility since their introduction in the 1990s.
However, there are limitations inherent to the use of gene expression microarray
technology, as the ability to detect previously unidentified genes or transcripts
is absent; consequently, alterations in their expression cannot be captured.
Furthermore, transcripts present in low abundance may not be accurately
detected due to background hybridisation.
In the first instance, I elected to perform a gene expression microarray using the
Affymetrix Mouse Gene 1.0 ST array platform, as this technology has been
extensively used; thus, the results have been repeatedly validated, and the tools
available to analyse the output are more mature. This yielded interesting
results, and triggered further interrogation of TNC as a gene of interest. While
TNC is seen to be present in the invading front and microenvironment of several
tumour types, further research continues to elucidate the function that TNC may
serve in this context; for example, TNC has been observed to induce resistance
to apoptosis in pancreatic cancer cells via ERK/NFκB pathway activation 482.
Technological advances have resulted in RNA sequencing becoming a more
widely used technique to determine differential gene expression patterns. As the
facility was available at the Beatson Institute Molecular Technology Service, I
was keen to determine what new data could be garnered on the differences seen
in ROCK-activated keratinocytes. In particular, the opportunity to detect new
and unidentified genes, and transcripts with a low copy number was attractive.

7.2.2 RNA sequencing of ROCK-activated versus control epidermal
keratinocytes
RNA sequencing was carried out on primary epidermal keratinocytes with and
without ROCK activation. The finding that biological functions related to cancer
show the most frequently altered gene expression patterns following ROCK
activation is unsurprising given the high rate of somatic mutations in ROCK in
numerous cancer types. RNA sequencing revealed differences in 65 genes with
known functions; of those, 59 (90.8%) displayed “cancer” biological functions.
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Upon further investigation, utilising Ingenuity® Pathway Analysis software, a
number of networks were identified that showed differences in gene expression
between the ROCK-activated and control cells. These included the “connective
tissue disorders” network, confirming the previously noted relationship between
ROCK activation, cytoskeletal contraction, and tissue fibrosis.
As previously noted, ROCK signalling induces integrin signalling and consequent
epidermal hyperproliferation

83

; consistent with this, 18% of the noted genes

were members of the “cell-to-cell signalling, cellular growth and proliferation”
network.
A number of putative “hits” were identified through RNA sequencing that were
of particular interest from the perspective of determining the pathways and
mechanisms at play to facilitate the epidermal thickening identified in ROCKactivated animals. I have outlined the most intriguing of these below.
7.2.2.1 Growth differentiation factor 15
Growth differentiation factor 15 (GDF15), also known as macrophage inhibitory
cytokine-1 (MIC1), belongs to the bone morphogenic protein group, which is in
turn a member of the TGFβ family

513

. In conditions of health, the majority of

tissues display low levels of GDF15 expression (macrophages and the placenta
being notable exceptions

514

). In contrast, in chronic inflammatory states or

following injury, GDF15 undergoes striking upregulation

515

. Furthermore, GDF15

is overexpressed in a number of solid tumours, including colon, prostate, breast,
thyroid and pancreatic cancers

516

, and a relationship has been observed

between the presence of GDF15 in the primary tumour and GDF15 serum levels.
High serum GDF15 levels are positively correlated with adverse clinical outcomes
in both prostate and colon cancers

517,518

.

In the context of prostatic malignancy, GDF15 is highly upregulated in the
tumour stroma; fibroblasts expressing GDF15 appear to display a high degree of
commonality with myofibroblasts, with α smooth muscle actin expression and
increased deposition of extracellular matrix components noted in both. In
addition, stromally-derived GDF15 appears to facilitate prostate cancer cell
proliferation, invasion and migration

519

.
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In addition to the role of GDF15 in the tumour microenvironment, there is also
evidence that GDF15 may contribute to fibrosis in benign pathologies. In
particular, patients with the diffuse cutaneous variant of systemic sclerosis have
increased GDF15 levels in the serum when compared with both healthy controls
and patients with limited cutaneous systemic sclerosis
correlates with disease activity

521

520

. The level of GDF15

, indicating a possible role for GDF15 in the

pathogenesis of chronic fibrotic conditions.
I found that GDF15 transcripts were 1.75-fold more abundant in ROCK-activated
compared with control keratinocytes (p=0.00244). My finding that GDF15
transcripts are more abundant in ROCK-activated keratinocytes could thus
explain the thickening and stiffening noted in the epidermis in vivo, as GDF15
expression effectively generates a myofibroblast phenotype and appears to have
a pro-fibrotic effect on the skin.
7.2.2.2 Thymic stromal lymphopoietin
Thymic stromal lymphopoietin (TSLP) is a cytokine that belongs to the IL-7
family; it is largely expressed by the epithelial cells found on barrier surfaces
(e.g. the skin and gut), where it is thought to function to maintain homeostasis
through regulating immune cell activation

522

.

An animal model with a Tslp transgene expressed specifically in epidermal
keratinocytes was shown to spontaneously develop cutaneous lesions resembling
atopic dermatitis

523

, an inflammatory skin condition characterised by epidermal

hypertrophy, hyperkeratosis, and dermal inflammatory cell infiltrates

524

.

Subsequent studies have revealed that patients with diffuse cutaneous systemic
sclerosis, a fibrotic skin condition, express high levels of TSLP within the skin.
Further interrogation of the mechanisms at play suggests that TSLP may trigger
pro-fibrotic and pro-inflammatory signalling; of note, there appears to be a
degree of overlap between the effects of TSLP signalling and the alterations
brought about by TGFβ signalling

525

.

In the context of malignancy, TSLP has been found to facilitate T helper immune
responses that, in turn, stimulate a dialogue between cancer-associated
fibroblasts, tumour cells and immune cells that promotes tumour progression

526

.
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Production of TSLP by CAFs in the tumour stroma surrounding pancreatic cancers
appears to induce T helper-mediated inflammation, with a correlation being
noted between TSLP production, T helper cell infiltrates and poor survival
outcomes 527.
TSLP has also been shown to facilitate neo-angiogenesis in cervical cancer
models; the addition of recombinant TSLP to cell culture media enhances HUVEC
proliferation. Furthermore, TSLP derived from cervical cancer cell lines had a
similar impact, while blocking TSLP with neutralising antibody reduced the
production of markers of angiogenesis such as IL-6, IL-6 and VEGF

528

.

Some evidence exists that TSLP may also participate in promoting tumour
metastasis; it appears that TSLP mediates T helper responses to facilitate the
escape of cells from the primary tumour. TSLP also apparently recruits
regulatory T cells, which are necessary for the establishment of lung metastases
in breast cancer

529

.

These data indicate that TSLP promotes non-malignant tissue fibrosis; in
addition, there is an apparent role for TSLP in cancer progression, through
facilitation of an immune cell dialogue between the tumour and the
microenvironment, via a pro-vascularisation function, and potentially by
promoting tumour cell metastasis. I found that Tslp transcripts were 2.38-fold
more abundant in ROCK-activated versus control keratinocytes (p=0.033). My
finding that Tslp is upregulated in keratinocytes following ROCK-activation
suggests that increased tissue tension may feed into these facets of cellular
behaviour.

7.3 Final conclusion
I approached the investigation of the actin cytoskeleton in cancer in two distinct
manners. In the first instance, using methylation studies including bisulphite
sequencing, I identified epigenetic regulation as an important determinant of
LIMK2 expression in colorectal cancer, with consequent impact on clinical
behaviour of the disease, and thus translational implications. The ability to more
accurately determine subgroups of patients with a poor prognosis is a
longstanding goal, as this would enable the intensification of treatment in those
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patients in whom this was deemed necessary, while sparing those patients with a
relatively favourable outlook the toxicity associated with many anti-cancer
treatments. Testing colorectal tumours for the presence or absence of LIMK2
may be a step towards identifying prognostic biomarkers, and could be further
evaluated in the clinical setting.
Following on from this, I chose to interrogate how the changes that occur in the
cytoskeleton of cells within the tumour stromal compartment are brought about,
and how these alterations in turn impact upon the microenvironment. The data I
have presented in this thesis indicate that stromal cells become increasingly
contractile as the surroundings become stiffer. This promotes the transformation
of stromal fibroblasts to cancer-associated fibroblasts, leading to the synthesis
and deposition of extracellular matrix components (including Tenascin C),
compounding the raised level of mechanical tension. Thus, a positive feedback
cycle is established within the stroma, with evidence implicating this as an
adverse prognostic indicator in a number of tumour types.
This work was a continuation of a project previously carried out in the group
that had used the epidermis as its model system. In a clinical context, this most
closely resembles cutaneous squamous cell cancer; indeed there is evidence that
increased stiffness of cSCC is associated with poor patient outcomes. As this is
one of the most common types of malignancy encountered in clinical practice,
the possibility that inhibition of ROCK could play a role in reducing stromal
stiffness and thus potentially render inoperable tumours amenable to surgery is
an intriguing one.
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